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I. Summary

A single-pulse shock tube has been used to examine toluene pyrolysis and the rich oxidation
of benzene (0 > 7.5) diluted in argon over the temperature range of 1200 to 2000K and at total
pressures of ten to thirteen atmospheres. Dwell times were about 500 microseconds. Collected
gas samples were analyzed using gas chromatography for hydrogen, carbon oxides and C 1 - to C 14-
hydrocarbons. Low molecular weight products during benzene oxidation include cyclopentadiene
and vinylacetylene and support literature proposals for oxidation of benzene. High molecular weight
products are dominated by species containing mixtures of five- and six-membered rings. During
toluene pyrolysis very rapid production of polyaromatic hydrocarbons occurs between 1400 and
1450K, consistent with temperatures at which particle inception occurs in diffusion flames.

Simplified modeling techniques of soot formation have been explored. The most successful
model is one based on the MAEROS code. Using experimentally determined benzene production
rates from a premixed ethylene, laminar flame (Harris, Weiner and Blint) and known rates for

carbon (as acetylene) addition to particles, production rates for soot are predicted accurately.

3II. Introduction

There is increasing experimental evidence that important rate-limiting steps to soot formation
are the production and growth of aromatic rings. Detailed modeling and comparison to experimental
data has led to a good understanding of mechanisms and rates for the production of benzene (and
phenyl radical). Existing mechanisms for the formation of naphthalene (plus related species) and

higher order aromatics are principally thermochemical estimates and no experimental verification
of these steps (mechanisms or rate constants) are available. Another large uncertainty in soot
formation mechanisms is the effect of oxidation. Under many conditions, growth of polyaromatic
hydrocarbons (PAH's) may be quite fast but is counterbalanced by oxidation. Therefore, the net
production rate of PAH's and therefore of soot is only a small fraction of the "gross" production
rate of PAH's.. Oxidation processes (mechanisms and rates) of aromatic hydrocarbons at elevatedStemperatures (> 1200K) are unfortunately very poorly known.

To investigate these important and competitive phenomena, an experimental and modeling
program is being performed. The experimental phase of the program involves the use of a single-
pulse shock tube to thermally stress mixtures of gases, which are then quenched, and the reaction
products are analyzed. This program is focusing on detection of two- and three-ringed products in
order to test mechanisms proposed for the formation of these species. In support of this work and

under corporate sponsorship, the gas sampling system has been modified to collect and detect high
molecular weight species. To examine the competitive oxidation processes, rich oxidation of benzene
has been investigated. Furthermore, in order to help confirm detailed chemical kinetic modeling,
species concentrations will he meap,rod ir real time by -' p ling a time-of-flight mass spectrometer
to the end wall of the shock tube.

Two types of modeling a, e being performed as part of this contract. Detailed chemical kinetic
modeling is being used for comparison to experimental data and to test reaction mechanisms and
rate constants for formation of multi-ringed species and for oxidation processes. Secondly, usingI

I



concepts developed from this work and from the literature, simplified models are being examined
which may be useful in describing the formation and growth of soot. Since this latter work is
relatively new and the results are extremely encouraging, details of the calculations are provided in
this report.

Ill. Results

A. Modifications to Experimental Facilities

A primary goal of this program is to collect experimental data on the production of high molec-
ular weight species during pyrolysis and "oxidative pyrolysis" of hydrocarbons. In order to collect
this data, the sampling system was modified. The system was modified under corporate sponsor-
ship and several designs and calibration procedures were tested. Schematics of the original and
final sampling system are compared in Figures la and lb. In the original system, lines were heated
to 80'C, whereas for the modified system, all lines were heated to 150'C, and better monitoring
procedures were established to avoid "cold" spots. In addition, high temperature solenoids were
installed in the modified system. An important change was moving the sampling collection volume
to after, rather than before, the gas sampling loops. This was required in order to minimize the
number of valves between the shock tube and the sampling loops, since each valve resulted in some
loss of the high molecular weight products. This design is not ideal since it does not allow for
mixing any non-uniformities in the collected sample. Nevertheless, comparison of data obtained
using the modified system compares well with data obtained using the original sampling arrange-
ment. In addition, an enhancement in the calibration technique was developed. All species with
molecular weights of about 100 g/mole and below could be adequately calibrated using premixed
gaseous samples in bottles which could be interchanged using quick disconnect fittings. Accuracy
of analysis for these species is approximately ± 3 to 6 percent. This uncertainty is size dependent
with the larger uncertainty assigned to the heavier species (e.g., benzene, toluene, styrene, etc.).
For yet larger species, solid samples were dissolved in toluene and then injected into an atmosphere
of argon and allowed to mix at high temperature in a mixing volume for about one-half hour (See
Fig. Ib). Subsequently, the gas was analyzed and calibration factors were determined relative to
the toluene response. Uncertainties were approximately ± 10 to 30 percent, again depending on the
size of the molecule. The largest species for which a calibration was obtained was phenanthrene.
Attempts to observe pyrene failed. The very large uncertainties for the heaviest species suggests
that profiles of these species are semi-quantitative.

A second goal of this program is to observe species concentrations in real-time rather than
just analyzing end gases from the single-pulse shock tube. In order to perform this research, a
time-of-flight mass spectrometer (CVC) will be coupled to the end wall of the shock tube, and data
collected using a high speed data acquisition system (LeCroy). The development and installation
of this equipment is behind schedule due to ordering problems, and further delayed since the mass
spectrometer has not yet been delivered, although it is now well past the manufacturer's delivery
date. This work is being performed under corporate sponsorship.

B. Experimental Results

Since the end of the previous AFOSR contract in November 1987, twenty separate mixtures
have been shock heated and products analyzed by gas chromatography. The mixtures are listed in
Table I. Six of the Akixtures were examined as part of the first year of this AFOSR program; the
remainder were tested under corporate sponsorship. For these tests, dwell times were typically 500
microseconds and total pressures (balance argon) were 9 to 13 atmospheres.

In the following paragraphs, results on toluene pyrolysis and benzene oxidation are discussed.

2
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Table I

Series of Experiments Completed During the First Year of AFOSR Program

Reactants Initial Concentrations

Toluene 1%

Benzene 1.1%

Benzene/oxygen 1.1/0,22%

Benzene/oxygen 0.11/0.022%

Benzene/oxygen 1.1/1.1%

Dicyclopentadiene 0.125%

*Acetylene/ethene 1.1/2.2%

*Acetylene/ethene 0.125/0.25%

*Toluene/ methanol 1.0/0.15%

*Toluene /hydrogen 1.0/3.1%

*Methylcyclobexane 1%

*Methanol 4%

*Natural Gas/oxygen 4/1%

*Methane/oxygen 4/1%

*Cyclopentadiene 1.4%

*Cyclopentadiene 0.1%

*Performed under corporate sponsorship
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The data on dicyclopentadiene has not been analyzed due to the complexity of the gas chro-
matogram. Corporate sponsored work subsequently demonstrated that dicyclopentadiene could
be successfully decomposed (by refluxing) into cyclopentadiene, which is then mixed with argon
and shock heated in the single-pulse shock tube. Work on cyclopentadiene will continue in the
second year of the AFOSR program.

1. Toluene Pyrolysis

I! One of the first mixtures analyzed for this program was 1% toluene, since several previous runs
with this mixture have been performed and provide a reference set of data. The newly obtained
data is in excellent agreement with the results presented previously (Ref. 1) for the lower molecular

weight compounds (< 128 g/mole). In addition, because of the enhanced sampling system, profiles
on a variety of PAH's were also obtained in this recent series of experiments. Some of the aromatic
compounds produced from pyrolysis of 1% toluene are shown in Figure 2. Profiles of toluene,
benzene, indene, and naphthalene shown in Figure 2 agree well with the earlier data. The remaining
profiles are new information. The low temperature formation of bibenzyl is from recombination
of benzyl radicals; although, due to uncertainty in the thermochemistry of benzyl, it is unknown
whether the bibenzyl could be produced at high temperatures or in the quenching waves. Hopefully,
detailed modeling will assist in deciphering this data. The other products shown in Figure 2
represent a relatively small portion of the total number of high molecular weight species, although
the mass contained in these selected species represents about 75% or more of the total mass of the

species observed. Possible reactic:n. describing the production of selected species are proposed in
Figure 3. Analysis of this data and detailed modeling is continuing. The result that PAH's are
produced very rapidly at 1400 to 1500K is consistent with concepts developed from diffusion flames

which indicate inception occurs at 1300 to 1500K.

2. Benzene Oxidation

The oxidation of benzene was also examined during this past year. Prior to the oxidation runs,
a pyrolysis experiment was performed. However, based on the product distribution and comparison
with previously obtained data, it is believed that an impurity of a small amount of oxygen (, 1000

ppm) affected the recent "pyrolysis" experiments. Benzene decay and light product formation
(methane, acetylene, diacetylene, cyclopentadiene, and vinylacetylene) are shown in Figures 4 - 6
for the two oxidation runs at high benzene concentrations and for the previous benzene pyrolysis
experiments. In these figures, the measured concentrations of reactants rather than the percent
calculated from partial pressure mixing (Table 1) are listed. The effect of oxygen clearly is to cause
decay of benzene at lower temperatures as well as to enhance the low temperature production of

the dominant product, acetylene. In addition, oxygen causes the low temperature formation of
cyclopentadiene and vinylacetylene, which strongly supports the mechanistic arguments proposed
by Venkat et al (Ref. 2) for benzene oxidation. Oxygen only slightly affects the production of
diacetylene. This species is a byproduct of the thermal decomposition of phenyl radical which is
slow due to its high activation energy (- 70 kcal/mole). The slight enhancement in the production of
diacetylene with increasing oxygen presumably is due to an increase in phenyl radical concentration3 (via radical attack on benzene).

Dominant polyaromatic hydrocarbons produced during the rich oxidation of benzene (1.25%
benzene, 0.3% oxygen) are shown in Figure 7. A large number of other high molecular weight

products were also produced, although many of these are unidentified. It is estimated, however,
that the total mass contained in unidentified species is less than 30% of the mass for all the high
molecular weight compounds. The dominant PAH products are similar to those observed during
pyrolysis of toluene. In both cases, a predominance of both five- and six-membered rings is ob-
served. The presence of species containing five-membered rings is not surprising, based on previous

1 5I
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studies in flames; however, existing models for PAH growth and soot formation neglect the potential
importance of these species. Profiles and identities of PAH species during the oxygen-contaminated
experiment on benzene pyrolysis were similar to those in Figure 7, although they were shifted to
higher temperatures. The profiles of PAH's for the less rich oxidation (1% oxygen) were severely
depressed, although a carbon balance (which includes formation of carbon monoxide and carbon I
dioxide) indicates significant loss of mass. The implication is that with the larger amounts of oxy-
gen, the growth of PAH's is significantly accelerated. These results are considered preliminary and
need to be verified in future experiments.

C. Model of Soot Particle Formation

1. Model Soot Inception Kinetics/Nucleation Calculations

Soot inception kinetics have been modeled by considering a mechanism of stepwise acetylene I
addition of the form I

Ai + H2  Ai + H (0)

ki + C2H2 AiC 2 H + H (1)

AiC 2 H + H AiC 2 H + H2  (2)
AIC 2 H + C2 H 2 -- i+ (3)

Here Ai is a closed ring aromatic species (Al=benzene, A2 =naphthalene, A=phenyl, etc.); the 1
mass of Ai is 78+(i-1)50 a.m.u.

Setting the time derivatives of radical, intermediate concentrations equal to zero (steady state I
approximation) results in the following set of coupled rate equations for the concentrations of the
closed ring species. £

d[A] -[l + [AI
dt -T,

d[A 2 1 [A21 + [Al

d[A3] - -A3] +!I( [A21 + r[AiI)
dt Ti T2

dtAi - [Ai + 11 ([A i....1  + r[A 1 2 ]1 . ..r' [A 1I)

where Q is the benzene source rate and I

123
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I

Ti kkH 1 - C2 H 2 1 + k H2 k-I }I -k, ICHlko!H 2] - kk1 +k 2 CHJ

%--
T1/ [ 2

kjk~k(kokO~jC22 1211-111-12

IT 2  (k 1 + k2)(k. 2[H2] + k3 [C2 H21) {kj[C2 H21 + ko(H 2 1 k- k 1 C2-2

and r HI/T2
k-0[H]Ti - I

If Q is assumed constant in time, the analytic, recursive solutions for the first few closed ring species
are

3 [All Q TI(I - e -t/TL)

[Aa (_1 !+-r) [A _ Q(T.) t/2e-t/T,

T3 Ti t t/T,
I (A41 = T + 2r (A31 - r T +r rfA]- Q 3T -

It is convenient to resort to numerical integration of the rate equations, because the analytic
solutions become complicated and we want eventually to consider the effects of agglomeration
reactions of the formI

Ai + Aj f-j (Ai)(Aj) - A(j large ij)I
The Aij can participate in the stepwise acetylene addition mechanism and agglomerate to form
higher order aggregates, and the kinetic master equations have been suitably modified to include
terms for these additional processes. The following provisional rate coefficient data were employed
in our simulations:

k0 = 5.1 x 101 e -
1

0 20 / T (moles/cc/sec)

k-0 = 2.51 x I01 4 e - 8 0 8 1 / T

ki = 1o12 e- 2013 /T

k-, = 7.6 x 1013 e - 03 0 /T

k2 = 2.51 x 1014 e - 8 08I/ w

k- 2 = 1.51 x 1013 e -5 4 0 4 / T

k3 = 2 x 1012 e - 2 0 1 3 / T

1 13



The following species concentration parameters were estimated from the Harris papers (Ref. 3 - 5):

tC2H 2 ] = 2.3 x 10- T moles/cc

(H2] = 5.2 x 10- '

[HJ = 7.4 x 10- 9

Q = 4.9 x 10-
T moles/cc/sec

For these parameters at T=1600K, T1  - 1.3 millisec, and TI/T 2 = 0.3. A simulation of the time
evolution of the closed ring concentrations without aggregation is shown in Figure 8. It is seen that
the time to achieve steady state for the N-th closed ring species is approximately NT 1 . Thus the
time required to form a 1000 a.m.u. particle for which N - 20 would be 20 - 30 milliseconds, which
is about an order of magnitude too slow for the process of soot inception. The steady state ratio of
[Ai]/[Ai-1j(i < 2) is(TI/T 2 + r); thus, the steady state concentration of the i-th closed ring is

[A(] -2T T 2  
+ r

When Q is assumed to have a reasonable shut-off time of one millisecond, the time histories of the
closed ring species are as shown in Figure 9. Note the qualitative resemblance to the experimental U
measurements of Bittner and Howard (Ref. 6). While some uncertainty attaches to the rate
coefficients and species concentrations which go into this calculation, the indication is that our
simple stepwise acetylene addition mechanism is too slow to explain observed soot inception rates I
in the absence of agglomerative or other mechanisms. Implicit in the foregoing analysis has been
the assumption that the rate coefficients ko - ks do not scale with the order of A1 . In fact, there
are qualitative arguments one can make that these rates should increase monotonically with i. As I
i increases, the number of sites available for H-atom abstraction and acetylene addition increases,
and so should the rate coefficient. Preliminary estimates are that the scaling could be fairly strong,
leading to significant shortening of the time required to form large mass species. This question will I
be further addressed in the future; the implication is that the rate-limiting step will prove to be the
formation rate of the first few closed ring species.

Reactions of the form ;Ai ± A, AA, + H

Ai + Aj AjAj

could also be important. The sequence

- + A AiA+H I
AIA 1 + H A A1 + H2

AIA, + C 2 H A3 + H I

for example, could provide an alternative fast mechanism for the production of A3 . These reactions
are presently being incorporated into the steady state analysis to see if they lead to accelerated I
production of A3.

When physical agglomeration processes are allowed, our preliminary calculations show that the
production of higher mass species can be significantly accelerated, but the results are sensitive to

14
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the model for the sticking probabilities. The question of scaling of these probabilities with particle
size is one that will have to be addressed with some care if the calculations are to be meaningful.
The results of more extensive agglomeration calculations will be presented in a future report.

3 Finally, we also considered the stepwise mechanism

Ai +±H2  Ai +H

Ai + C2 H 2  AiC 2 H2

AiC 2H2 + C2H2- Ai6 4 H4

I AjC 4 H 4 -- Ai+l ± H

Given reasonable estimates for the rate coefficients in a steady state analysis, however, the charac-
teristic formation times are much too long for this to be the correct inception mechanism.

2. Soot Aerosol Dynamics Simulations

After the inception or nucleation stage, soot particles continue to grow as isolated spheroids,
reaching a size of 40-100 nm; at later times, these spheroids fuse to form chainlike clusters or
aggregates. Prior to the aggregation phase, the growth of the primary spheroids occurs through

surface deposition of gas phase hydrocarbons and coalescing collisions in which colliding spheroids
I stick together and form a new spheroid.

In order to rp'del the growth of primary soot spheroids, the most recent version of an aerosol
dynamics code, MAEROS (Ref. 7), has been appropriately modified. This is a sectional model in
which the particle size range of interest is divided into discrete classes, or intervals. A set of master
equations for the rate of change of particle number density in each size class is then integrated
numerically, accounting for the processes of nucleation, surface growth, and coalescence. Each size
class has a source term representing nucleation, but in our simulations this is set equal to zero for
all but the smallest size class. Surface growth is assumed to occur primarily through acetylene
deposition, using the Harris-Weiner growth rate expression (Ref. 3). In this formulation, the rate
of mass addition to a particle is proportional to the particle surface area, and is linear in the
acetylene vapor concentration. The effective surface growth rate given by Harris and Weiner is
time dependent, and we have chosen an early, or young, soot value. Provision is made for acetylene
vapor depletion, and oxidation is accounted for by modifying the surface growth term to allow for
oxidative mass removal at a rate given by the well-known Nagle and Strickland-Constable expression
(Ref. 8). The latter is plotted in Figure 10. It can be seen that for oxygen concentrations above
roughly 5%, and temperatures below approximately 2000K, the effective oxidation rate becomes
essentially independent of oxygen concentration. Coalescence rate coefficients are calculated in
the MAEROS program using the Fuchs-Sutugin expression (Ref. 9), which spans the Knudsen
number range from free-molecule to continuum. A coalescence sticking probability is input to the
computer code. Kennedy (Ref. 10) and Harris and Kennedy (Ref. 11) have shown that soot particle
collision rates can be significantly enhanced by long-range Van der Waals forces. These forces
between electrically neutral dielectrics have their origins in quantum fluctuations as embodied in
the Heisenberg uncertainty principle, which create instantaneous dipole moments in the colliding
bodies. We have written a computer program to calculate the collision rate enhancements arising
from these forces. The program is based on the Lifshitz(Ref. 12), Langbein (Ref. 13), and Marlow

(Ref. 14) theory, and is similar to the calculation outlined by Kennedy (Ref. 10). All dielectric
constant parameters are the same as those given in Reference 10. Calculated enhancement factors
for soot particles in the free-molecule regime at 1600K are shown in Figure 11. It can be seen

that the enhancements are a function mainly of the radius difference between particles, and for the
smallest particles reach a value of about 2.4.
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The most important approximation made in our soot aerosol dynamics simulations has been to
set the lower limit of size range at the approximate size (.5nm - 5A) of a benzene molecule, and to
extrapolate the Harris-Weiner surface growth rate expression to this size class. ThT nucleation rate
for this size range is taken to be the local benzene production rate, and the nucleation rate is set
equal to zero for all other size classes. This clearly is an approximation, and a more careful coupling
of soot inception kinetics with aerosol dynamics simulations might be needed in the future, but, as
will be seen, its use leads to some encouraging results.

The MAEROS code has the advantage of computational efficiency; for the size range .5 to 1000
nm, with 15 - 20 size classes, the computation times are on the order of VAX-minutes. There is,
however, some sensitivity of the results to number of size classes; a change from 20 to 15 changes the
calculated numbers by about 10%. Calculations with a larger number of size intervals are planned,
but require non-trivial code modifications. It may ultimately be desirable to use a code employing
moving sectional boundaries, because of reduced numerical diffusion error; we are planning to check
our results by having F. Gelbard run our cases on an unreleased version of MAEROS that uses the
moving sectional grid technique. All calculations to follow have been performed with the maximum
20 size classes presently allowed in the program. In these calculations, the benzene source rate and
acetylene concentration were taken as before from S. Harris flame conditions (Ref. 3 - 5) in order
to attempt to reproduce the measured soot volume fraction profiles reported in Reference 3.

Figure 12 shows the calculated evolution of the soot number density distribution with time. It
is apparent that the dynamics model predicts the appearance of 10 - 100 nm particles on a time
scale of about 10 milliseconds. It is also clear that after about four milliseconds, the shape of the
distribution has taken on an invariant form. This is the "self-preserving" size distribution (Ref. 15),
as can be seen in Figure 13, where the same data are plotted as a function of the normalized variables
n'(v)V/N and v/V, where v is particle volume, V is average particle volume, and N = f."' n'(v)dv. A
self-preserving form is expected for coalescence-dominated kinetics (Ref. 15); our calculations show
that it can still be expected even in the presence of nucleation and surface growth.

The calculated soot volume fraction is plotted as a function of time in Figure 14 for various
values of the coalescence sticking probability, which has been assumed here to be size-independent.
For very low values of the sticking probability, coalescence does not proceed rapidly, and the relative
surface area of the particles remains high. Surface deposition proceeds rapidly when there are large
numbers of small particles, and the total soot volume fraction increases to large values. When
sticking probability is increased, coalescence becomes important and a smaller number of larger
particles is formed. Coalescence in itself conserves volume fraction, but the reduced relative surface
area of the larger particles reduces mass addition by surface growth. Thus, the calculated volume
fraction decreases as seen with increasing sticking probability. Only for the very low values of
sticking probability is significant depletion of the acetylene vapor predicted. It is interesting to note
that there is excellent agreement with experiment for sticking probabilities in the expected range
I - 2. Both the magnitude and time dependence of the Reference 3 results, which were obtained
from absorption measurements, are seen to be reproduced well. At the present time, the success of
a model which omits the fine details of the inception kinetics is possibly fortuitous, but certainly
encouraging. These results support previous work indicating that the rate-limiting process of soot
formation is the formation of the first few rings. The extrapolation of the Harris-Weiner surface
growth rate to the smallest molecule/particle size classes appears to effectively reproduce the effects
of more detailed inception kinetics; this result (supported by recent calculations of Howard, Harris,
and Frenklach) might form the basis of a very simple and powerful model for soot formation. Further
examination of these questions is planned. Another point of interest is whether the aging of the
acetylene surface deposition rate reported in Ref. 3 is really due to temperature effects and an
activation energy for the process.
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Performing the soot growth calculations with oxygen present shows that even modest amounts
of oxygen can have rather drastic effects on the predicted amount of soot formed. Figure 15 displays
the calculated soot volume fraction versus oxygen concentrations. Given the Harris-Weiner acetylene
surface growth rate and the Nagle and Strickland-Constable surface oxidation rates, it appears not to
be possible to form soot for oxygen concentrations beyond roughly 0.2% at a temperature of 1600K.
No depletion of the oxygen by the oxidation process has been allowed for in these calculations,

* however.

IV. List of Publications

3 A paper entitled "The Pyrolysis of Acetylene Initiated by Acetone" by M. B. Colket, H. B.
Palmer and D. J. Seery has been published in Combustion and Flame, Vol. 75, pp. 343-366, 1989.
This work was initiated under contract F49620-85-C-0012, and revisions to the manuscript were3 performed under this contract. See Appendix C for reprint.

A paper entitled "The Pyrolysis of Acetylene and Vinylacetylene in a Single-Pulse Shock Tube"
by M. B. Colket was published in the Twenty-First Symposium (International) on Combustion, The
Combustion Institute, pp. 851-864, 1986. See Appendix D for reprint. Research for this publication
was performed under contract F49620-85-C-0012.

A manuscript entitled "Oxidative Pyrolysis of Ethene in a Single-Pulse Shock Tube" by M. B.
Colket and D. J. Seery will be written late in 1989 and submitted to the Twenty-Third Symposium
(International) on Combustion, Jan. 1990.

A manuscript entitled "A Simplified Model for the Production of Soot in a Premixed Flame"
by R. J. Hall and M. B. Colket will be written in 1989 and submitted to Combustion Science and

Technology.

5 V. Meeting Interactions and Presentations

1. A round table discussion on "Current Problems in Soot Formation During Combustion,
Especially the Mechanism of Soot Formation" was held in Gbttingen, West Germany on
March 29-30, 1989. The meeting was organized by Professor H. Gg. Wagner and was
attended by about twenty engineers/scientists currently involved with understanding soot
formation phenomena. Financial support was provided by the Commission for Condensa-
tion Phenomena of the Academy of Sciences in Gottingen, West Germany.

2. Eastetn Section of the Combustion Institute, Clearwater Beach, Florida, Dec. 5-7, 1988.
M. Colket presented an invited talk entitled "The Role of Oxidative Pyrolysis in Preparticle
Chemistry". See Appendix A.

3. Brookhaven National Laboratory, Upton, New York, November 9, 1988. M. Colket pre-
sented an invited seminar entitled "Kinetic Mechanisms for the Pyrolysis of Unsaturated
Hydrocarbons". Financial support provided by BNL.

4. Department of Energy - Office of Basic Energy Sciences Combustion Research Meeting
held at Lake Geneva, Michigan, June 1-3, 1988. M. Colket was invited by W. H. Kirchhoff
to be an observer and participant at this D.O.E. contractor's meeting. The meeting was5 attended under corporate sponsorship.
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The Role of Oxidative Pyrolysis in Preparticle Chemistry

M. B. Colket Ill
United Technologies Research Center

Presentation to the Eastern Section of the Combustion Institute
Clearwater Beach, Fla., Dec. 5-7, 1988

The specific steps leading to soot formation have been described recently by Glassman'. In his
review article, Glassman unites the individual efforts and results of a great many dedicated re- U
searchers and presents a cohesive story of the processes leading to soot formation. His analysis
focuses on flame structure and temperature as two of the most important parameters in controlling
soot formation: increasing temperature in a diffusion flame enhances soot formation since fuel py- I
rolysis rates are increased; yet, in premixed flames, increasing temperature decreases soot formation
since competitive oxidation processes are enhanced. In the present article, oxidation processes are
considered. First, global effects due to the presence of oxygen are reviewed. Secondly, the oxidation
of radical intermediates critical to soot formation, i.e., vinyl and phenyl, are examined, and then
the phenomena of soot-oxidation are briefly discussed.

Oxygen is often found in the fuel side of diffusion flames. For example, probe sampling 2.3 has
demonstrated the existence of oxygen at concentrations near 1% in the interior fuel jet of a co-
annular flame. The oxygen may be from finite rate chemistry (diffusion of 02 through the flame
front), leakage at the burner lip or partial mixing (turbulent, diffusion flame). The effect of oxy-
gen has been shown to vary depending on fuel-type 4 : for ethene, oxygen addition enhances soot
formation, but for alkanes, soot formation remains the same or actually decreases. This effect has
been explained' by the fact that, at 1400 K, oxygen addition noticeably enhances the pyrolysis
rate and radical production for ethene but barely changes these rates in the case of the pyrolysis I
of an alkane. Thus, oxygen addition to ethene accelerates the chemistry but has little (or only
a dilution) effect for alkanes, which have substantially weaker C-C and C-H bonds. This result
is qualitatively consistent with shock tube results on soot scatterings and ring formation6 which I
showed that both soot and aromatic production are enhanced at lower temperatures when small
amounts of oxygen are added to the pyrolysis of unsaturated hydrocarbons. Numerical modeling7

confirms the acceleration in chemistry due to the presence of oxygen.
Quantitative prediction of soot production, should it become a reality, will require knowledge of

competition between processes associated with ring formation and fragmentation. As an example
of the uncertainty associated with these processes, consider reactions involving the vinyl radical
which has been suggested to be a primary radical leading to the formation of aromatic rings.

C 2H3 + C2 H2 -. C4 HS "-" C4H4 + H (I) I
C 2H 3 + C2 H4 "-C 4 H7 - C4Hr, + H (2)

C2H3 (+M) - C2 H2 + H(-M) (3) 3
C 2 H3 + 02 - HCO + H2CO (4)

C2H3 + 02 -- HO2 + C1H 2  (5)

The relative rates of these reactions will define the fate of the vinyl radical, i.e., does it undergo
growth, does it decompose to acetylene, or is it oxidized. Unfortunately, there is a relatively large
amount of uncertainty in these rate constants and the accuracy of models may therefore be in I
question.

A
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I The rate constant for Reaction 1 has recently been measured' to be 101 3 exp(-5.0 kcal/mole/RT)
cm 3/mole/sec and recent predictions9 and most literature values are reasonably close to this deter-
mination near 1200 K. Two values for k2" 10 differ by an order of magnitude although the direct
measurement by Fahr and Stein' is probably the more reliable value.

Values for k3 vary over three orders of magnitude. Very few experimental rate constants have
been determined and these experiments have been subject to alternative interpretation or large
uncertainty. A reasonable estimate for k3 should be derivable from a measurement of the reverse
process and detailed balancing. Unfortunately, the heat of formation of vinyl radicals has been under
much discussion recently and values range from 61 to 72 kcal/mole (see Ref. 9). This uncertainty
leads to a range in the calculation of k3 of more than two orders of magnitude at 1200 K.

Information regarding Reaction 4 has been obtained only at low temperatures"' and interpreta-
tion of these results has recently been questioned9 . There is no experimental confirmation of this
reaction or a rate determination at combustion temperatures. Inclusion of this reaction and its low
temperature rate constant"1 in detailed chemical models indicates that this reaction and its rate
constant are critical in the modeling of hydrocarbon oxidation. This and similar reactions could
also play a very important role in arresting growth to higher molecular weight species. Reaction 5
is perhaps of lesser importance, and its rate constant is also poorly known. Published values (seeRef. 12) range two orders of magnitude. Evidence for its existence is minimal and rate constants

have been inferred from detailed modeling.
Considering these large uncertainties and the importance of these vinyl radical reactions to the

rich combustion of hydrocarabons and pre-particle kinetics, a series of experiments were performed
in a single-pulse shock tube (SPST) coupled with gas chromatographic analysis"3 . Experimental
results for a mixture of 3.5% ethene, 0.52% oxygen and the balance argon are shown in Figs. la-Id
for total pressures near 10 atm and average dwell times of 550 microseconds. Profiles were also
obtained for cis- and trans-2-butene, as well as Cs- and C6- species. Although not shown in Fig. 1,
they were included in the mass balances shown in Figs. la and lb. Similar experiments were also
performed with no added oxygen (but there was an oxygen impurity of about 1000 ppm) and for
2.0% oxygen. The pyrolysis products were virtually the same as those obtained by Skinner and
Sokoloski"' although decomposition rates were faster. The principle effect of oxygen addition is
to accelerate the kinetics with little overall change to the product distribution, although carbon
oxides, ketene, and acetaldehyde were also detected. An increased rate of aromatic production was
observed at lower temperatures when oxygen was added to the ethene, which is consistent with
calculations7 . The production of aromatics has in turn been correlated with soot production1 ".

An analysis of the data indicated that information on the vinyl radical could be obtained from
the yields of 1,3-butadiene (via Reaction 2). If one assumes that (1) butadiene decomposition is
negligible at low extents of reaction (<1200 K), (2) all oxidized products arise principally from
Reaction (4), and (3) these products are rapidly converted to carbon monoxide, then the relative
rates of Reactions 2 and 4 can be written

R4 = k4 1021 = 1 dJCOJ/dt

S 2  ki2 (C2 H - 2 d(C 4 HI1/dt (A)
where the factor of one-half arises from the production of both formvl and formaldehyde (or two
CO's) in Reaction 4. Integrating this expression over the length of the experiment and rearranging
gives:

k4  = I (Coir (C2H4 1i, (B)
-2(C ~ -(02'i

I k2 FIC 461f II
where the subscripts i and f refer to the initial and final concentrations, respectively. If assump-
tions (1) or (2) are invalid, then Eq. (B) represents an upper limit ratio. Alternatively, if the
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formaldehyde produced in Reaction 4 does not rapidly decompose, Eq. (B) could be a factor of
two too high. A preliminary analysis using~detailed chemical kinetics indicates that in the temper-
ature range 1100-1200 K, about half of the carbon monoxide produced could be formed (directly
or indirectly) from other reactions such as 0 or OH attack on ethene. In addition, not all of the
formaldehyde decomposes to carbon monoxide during the SPST experiments. Consequently, we

SI make the preliminary assessment that rate constants determined from Eq. (B) represent an upper
limit and values reduced by a factor of one-third are reasonable estimates for this rate constant. The
upper limit and the reduced values are compared to the value obtained by Slagle and co-workers'1

in Fig. 2. In addition, a rate constant was determined from flow reactor data 16 using Eq. (A)
(for an experiment of 3.1% ethene, 0.5% oxygen at one atmosphere). The value (also reduced by
one-third) is shown in Fig. 2 and agrees well with the SPST data. Overall, these new values are
consistent with an extrapolation of the low temperature results, although a stronger decay with
increasing temperature is indicated. This negative temperature dependence is not unexpected for
addition/rearrangement reactions. As a test for this technique, the same procedure was used in the
case when 2.2% ethene and 1.1% acetylene were co-pyrolyzed. Thus, a comparison of rate constants
for reactions I and 2 could be obtained for comparison to other data. By analogy to the previous
derivation,

k_ - [C4H 4 ]f [C2 H41i
k2  IC4H6]f (0 2 H2 1i

This ratio was found to be 1.25±0.3 over the temperature range 1240 to 1360 K, and compares well
to the ratio of 1.42 obtained by Fahr and Stein at slightly lower temperatures.

Addition of a little oxygen to ethene pyrolysis (as for many other hydrocarbons) results principally
in the acceleration of the reaction: some carbon monoxide, formaldehyde, ketene and other oxidative
products are formed, but the identity of the hydrocarbon species and their relative concentrations
are similar in the case of pure pyrolysis and oxidative pyrolysis. For SPST experiments at UTRC
this situation does not hold in the case of benzene. Based on the following analysis, the difference
is due totally to the different fate of the phenyl radical in the pyrolysis versus that in the oxidative
pyrolysis. In the pyrolysis,

SCocr ison of Rate Cnslnts for
C2H3 + 0 2 -. HCO+ H2CO C6Hs - C4 Ha + C2 H2 (overall) (6)

C 4 H3 .-. C 4H + H (7)
1 F3 2 SK a d'- C2 H + C2 H 2  (8)

dominate, leading to the production of C 112

- WSTPe3".rrnt and C4H2 as the principal species1 7 ' 8 . In

h x H O the oxidative pyrolysis, however, a sequence
,E & ,sreft similar to

,a C,H, + O0--2 ,HO (9)

£ 0.52 02
Fio recor C1,Hs O - CsH 5 + CO (10)
3.J% CIN./

0.%4%01 C;H + O2 - C .HO+ (11)
COOK C.H O - C4H5 + CO (12)

S1 , C4Hs- C 4 H4 + H (13)
0.5 1 5 1V2 2 C 4 Hs -C 2 H2 + C2 H3  (14)

C2H 3 - C2H2 + H (15)
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overrides the pyrolytic ring fracture and phenol, cyclopentadiene, vinylacetylene, and acetylene •
are principle products. These sequences arr qualitatively consistent with observed SPST product
distributions. This mechanism for phenyl oxidation is also consistent with and derived principally
from the work of Venkat, et al"9 . The explanation for this major difference between the pyrolysis
and the oxidative pyrolysis is that, at 1400 K, the lifetime of phenyl based on Reaction 6 is 3500
microseconds, but for decomposition via Reaction 9, the lifetime is just 40 microseconds with only
17 torr 02. Biphenyl was also observed in the oxidative pyrolysis runs since, for these series of
experiments, the sampling system had been modified to collect polyaromatic species. Since biphenyl
is formed principally via

C6 H6 + CoHs - C12H,o + H (16)

The relative rates of Reactions 9 and 16 can be written

R9  k9  1021
R,6  k16 (C6H,51

Assuming negligible back reaction, the integrated value of R, 6 is simply the yield of biphenyl,
while that of Rg can be estimated by either one-half (1) the yields of phenol, cyclopentadiene, and

vinylacetylene plus one-half the yield of acetylene or one-half (2) the yield of phenol plus that of
carbon monoxide minus the CO produced from Reaction 12 (the yield of vinylacetylene plus one-half
of that from acetylene). The correction of one-half is to account for the fact that O-atoms produced
in Reaction 6 add to benzene to form phenol. Method (2) produced values for the integrated rate of
Reaction 9 about 40% greater than those of method (1). Since additional phenol and hence other
products can also be formed from 0 and OH via

H + 02 -OH + 0
0+ C6H 6 - C6 HsOH

OH + Ce 6 - C6HsOH + H,

the integrated rate of Reaction 9 calculated using these methods is an upper limit. Using values av-
eraged from methods (1) and (2), the ratio kg/k, could be calculated. Using a recent measurement s  U
of kl,, values of k9 were determined (from a run of 1.1% benzene and 0.2% oxygen) and are plot-
ted in Fig. 3. Also shown on this figure are literature values based on detailed modeling2 0 and
thermochemical estimates2". The SPST upper limits are consistent with the previous results.

The drastic difference between products
Cp5"f'O2  of the pyrolysis and the oxidative pyrolysis

of benzene (and quite likely other aromatic I
hydrocarbons) could have important im-

a SPST upper Wrvft plications for the mechanisms of soot for-
mation. Cyclopentadienyl, whose stabil-

a ity is resonantly enhanced, is an impor-
tant and relatively long-lived intermediate

E during the oxidative pyrolysis of benzene,
RrN and As( but is unimportant in the pyrolysis. It is

quite reasonable to expect that collisions
- - involving cyclopentadienyl and aromatics

(or fused six-membered rings) may lead to
growth of aromatic rings. In fact, an un-

F4g. 3 usual result from the present experiments9.5 01 is the production of 1-methyinaphthalene0.62 0.67 0.72 0.77 at the early (low temperature) stages of ox-

3 A-(V6
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1 idative pyrolysis of benzene. Concentrations of this product are nearly a factor of three higher than
that of naphthalene and 100 times higher than 2-methylnaphthalene. A possible explanation is the
reaction

C-Cs H s + C6 H6 - H + 1-C10H70H 3 (1-methylnaphthalene).

Although the rate constant for this reaction might be low due to a complex rearrangement, the net
rate could be high due to high concentrations of cyclopentadienyl. In fact, the naphthalene that is
observed could be a result of this reaction followed by H-atom substitution of the methyl group ratherI than acetylene addition to phenyl and then to the benzyne-acetylene radical 2 . Another interesting
aspect of oxidation phenomena relates to the question of six-membered vs. five-membered rings
in pre-particle kinetics. Thermodynamic and other arguments2 3 have been used to suggest that
principally six-membered rings exist in pre-particle molecules. These arguments contrast with
interpretation of experimental data 4 ,25 supporting the existence of buckminsterfullerene and similar
species which contain a mixture of six- and five-membered rings. Based on (1) the interpretation
of benzene (and phenyl) oxidation, which includes formation of either phenoxy and phenol due to
attack by 02, 0, or OH followed by loss of a single carbon (to carbon monoxide) and the formation of
a five-membered ring and (2) the interpretation by Harris 2

6 that oxidation of nascent soot particles
is a detectable process in fuel-rich premixed flames, we reach the following conclusion: during the
growth of PAH's, partial oxidation of these species will occur leading to the production of carbon
monoxide and five-membered rings. The resultant compounds will contain mixtures of five- and
six-membered rings, some of which will fragment, and others may continue to grow via addition
processes.

Soot Oxidation

The focus of this paper thus far has been the oxidation of small hydrocarbon radicals. Oxidation
of larger species and soot also play an important role in sooting flames. Harris 26 recently interpreted
experimental data to conclude that oxidation competes with surface growth and coagulation during
particle inception, and it is generally acknowledged that oxidation can retard growth throughout
the life of a particle. The parameter controlling complete burn-out of soot has been determined
to be temperature. Kent and Wagner 27 have shown that once the flame temperature decreases
below 1400 K, soot oxidation ceases, and a soot trail emerges from the tip of the flame. A physical
interpretation of this process can be found by considering. a heat balance on an isolated soot particle.
Assuming the dominant factors to be radiation loss (Qrd) and exothermic heat release due to
oxidation (Q0o), the following simplified analysis can be used to explain quantitatively the cessation
of soot burn-out.

Radiative loss can be calculated based on an expression from Hall" 8 :

I ( =.d 2.97 x 10-10 watts/cm 3/K'fvT'

for radiation from unit gas volume, or

I Qrbd = 2.97 x 10- 1° watts cm;,iK T'

= 7.1 x 10-' 4 kcal/sec/cm' K;T5

for radiation from unit particle volume. f represents the particle volume fraction and the fifth
power dependency on temperature arises from a 1/A dependency on the particle emissivity. A
comparison of oxidation rates indicates (see e.g., Ref. 27) that the oxidation of soot particles is
nearly independent of the concentration of molecular oxygen below 2000 K. A fit to measured rates
has been reported 27 and the rate of soot oxidation is
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dS = -k 0 XA
1t

with k.. = 91 x e - (3 9 6 0T /RT) g/cm 2 /sec I
and Sm is the soot mass and A is the surface area of the particle. The rate expression is valid only
for temperatures below 2000 K. Assuming the reaction sequence to be equivalent to

C(s) + 1/2 02 - CO,
the reaction is 21 kcal/mole (or 1.75 kcal/gm) exothermic. The assumption that carbon monoxide
is the principle product is consistent with recent results29 on carbon oxidation using a diode laser I
for product detection. The heat release due to oxidation is therefore

= (1.75 kcal/gm) x dS'-

= 160 x A x e(-0G6' 0 /RT) kcal/cm2/sec.

Comparison of Roies of Heat G 'oLoss Assumin& a particle diameter of 40 nm,

For an Oxid'ing/Rodiating Soot Poriice Qrad and Qo are plotted in Fig. 4 vs.
temperature for comparison. As long as

40 nrn pa-ricie Fe. 4 the particle temperature exceeds approxi- I
mately 1400 K, the oxidation process gen-

Qo× erates sufficient heat to overcome that loss
-Io by radiation. Temperatures can rise in this

region (see Ref. 30) but usually decay due
-1 Qrd - to other (conductive and convective) losses.

O -- Furthermore, the temperature may de-
- .- crease since heat release due to oxidation

0 may be inhibited by the inability of oxygen

-13- to diffuse to the center of the flame. Once
V80OK 1O0K 1200K IOOK the particle temperature reaches about

U I I I I I I I I 1400 K, however, the oxidation quenches,
05 0.6 0.7 0.8 0.9 1 as radiation, conductive and convective

O/T (W processes rapidly cool the particle.Characteristic times for oxidation can also be estimated, assuming the particle is a perfect sphere.

dmk I
dm = -kA
dt

substituting for the surface area and integrating

dt..41rkdtI

or
pr

OX k ~+39G70/fiT
= 4.0 x 10-se

= 62 msec at 1400 K

= 24 msec at 1500 K 3
= 10 msec at 1600 K

A
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for a particle 40 nm in diameter and with a density of 1.8 gm/cm3 . Considering dwell times in the
luminous zone of a co-annular diffusion flame, as well as measured temperatures 31, one can easily
argue that once the particle temperature dr)ps below 1500 K, there is insufficient time for complete
oxidation. Conductive, convective, and radiation losses slightly dominate over the chemical heat
release and the particle cools slowly until 1400 K, at which point heat release from oxidation is too
slow, the particle cools very rapidly, and a soot trail is emitted.
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The Rich Oxidation of Ethylene in a Single-Pulse Shock Tube

M. B. Colket III
United Technologies Research Center I

Second International Conference on Chemical Kinetics
Gaithersburg, MD., July 23-27, 1989

The fate of vinyl radicals during pyrolysis and combustion of hydrocarbons has been a subject of
much discussion. Possible reactions include 1

C2 H3 + C 2 H 2 -(C 4H5)* - C4 H4 + H (1)

C 2H 3 + C 2H 4 -(C 4 H 7 )" - C 4H 6 + H (2)

C 2 H3 (+M) - C 2H 2 + H(+M) (3)

C 2 H3 + 02 - HCO + H 2 CO (4)5

C 2H 3 + 02 - HO 2 + C 2 H2  (5)

The relative rates of these reactions will define the fate of vinyl; yet except for the first two,
the rate constants for these processes are poorly known. To shed some light on these steps, a
series of experiments using a single-pulse shock tube have been completed on the rich oxidation of
ethylene. Post-shock temperatures ranged from about 1000 to 1800K and total pressures were 9 to
12 atmospheres. Ethylene and oxygen were mixed in a bath of argon. Concentrations of ethylene
were 0.3 to 3.5% and overall stoichiometries varied from 5.25 to about 100. Final products were
collected and analyzed using gas chromatography. Measured products include Cl-C to hydrocarbons,
carbon oxides, and hydrocarbon oxygenates such as acetaldehyde and ketene. Major hydrocarbon 1
products include acetylene, methane and ethane. Detailed chemical kinetic modeling indicates that

the latter is formed principally by the sequence j

C 2 H 4 + H(+M) 4-. C 2 H5(+M) (6)

C 2H5 + C 2 H 4 - C 2 H6 + C 2 H 3  (7)

Direct evidence for Reaction 4 (oxidation of vinyl) was not obtained but an upper limit for its rate
constant was found to be 3 x 1012 cm 3 /mole/sec at 1100K which is in good agreement with the
determination by Slagle and coworkers (1984). k5 was estimated to be 5 x 1010 cm 3 /mole/sec at
1100K. Large amounts of acetylene are observed and are indicative of either an unusually high rate
constant for k3 or very significant contributions due to reactions, such as:

C 2 H4(+M) - C 2H 2 + H2 (+M) (8)

C 2 H3 + C 2 H4 *-(C 4 H,)" - C 2 H5 + C 2 H2  (9) I
By copyrolyzing ethylene and acetylene, the ratio k/k 2 was determined to be 1.25±0.3 from 1240 to
1360K and agrees well with the ratio of 1.42 obtained from the Fahr and Stein (1989) measurements. I
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The Pyrolysis of Acetylene Initiated by Acetone i

M. B. COLKET III and D. J. SEERY I
United Technologies Research Center, East Hartford, CT 06108

and I

H. B. PALMER

Pennsylvania State University, University Park, PA 16802 1
A detailed, radical chain mechanism is used to model the pyrolysis of acetylene near 1000 K. The initiation process.
C2H + C,H: - CH 3 + H. appears to be inconsistent with thermochemistry. Since experimental evidence indicatesthe presence of a chain mechanism, alternative sources of initiation are considered. Acetone, a common impurity in I.purified" acetylene, was found to dominate radical initiation during the pyrolysis of acetylene near 1000 K despite

concentration levels only 0. 1% that of acetylene. Modeling results compare favorably with the experimental results of
Munson and Anderson for acetylene decay and the formation of products vinylacetylene, benzene, and ethylene. Rate I
constants for the following reactions were adjusted to be

C2H3+C:H3 - C-4 6 k,=2.0x 10"1 cm3 mol - I sec- I

n-CH 3 -. CH.+ H kz= 1.6x l 0"xe -
0i4k

c "a
-I

- ' /R'n sec- I

n-C 4Hs+C H C-Cji-,+ H k13=4.5x 1012xe- 0 O.0 -1IRT) cm' mol-I sec-'

n-C4H5+CL{-C8H3 +H k3,= l.2x i013xe-.-J '1R) cm3 mol- sec -  I
to optimize the fit to the experimental data. A sensitivity analysis shows that the computed results were most sensitive
to rate constants for these and a few other reactions. By addition of high-temperature reactions (such as those
involving ethynyl radicals), the mechanism was found to be consistent with experimental results using single-pulse
shock tubes and the very-high-temperature studies of Frank and Just and Wu, Singh. and Kern. Calculations are
quantitatively consistent with the experimental finding that the effect of acetone is negligible at high temperatures

(>2000 K) and low concentrations of acetylene (<5 x 10-10 mol cm-'). The model indicates, however, that at
either higher concentrations or lower temperatures, impurities can play a significant role.

INTRODUCTION tion was assumed to be caused by

Speculation on the mechanism of acetylene pyroly- C2H2 + C- 2 - C4H3 + H. (1)
sis has continued for many years. Experiments at The structure of C4I-I was not identified [1] but j
low temperature (600-1200 K) during the 1950s the overall endothermicity 45.9 kcal/mol was
and 1960s resulted in a variety of suggestions, consistent with an early calculation [41 for the heat
including radical chain processes and nonchain of formation of the butatrienyl radical (102 kcal/ 5
dimerizations involving diradical or electronically mol). Frenklach and coworkers [5], in a recent
excited intermediates. During the 1970s, a radical modeling study, tracked two of the isomers,
chain mechanism was preferred [1-3] and initia- namely I-buten-3-yn-1-yl (n-C4H3) and 1-buten-
This articic is in the public domain
Published by Elsevier Science Publishing Co., Inc. r-2
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3-yn-2-yl (i-C4 H3), and used Tanzawa and Gar- probable role of acetone, a common impurity in
diner's rate constant [1], but assumed that Reac- acetylene, in initiating a radical chain during
tion la was the initiation reaction. laboratory studies of the pyrolysis of acetylene.3C 2H2 + C2H2-n-C 4H3 + H, (In this paper, evidence supporting a radical

chain is presented, issues related to acetone-
C2H2 + C2H2 -i-C 4H3 + H. (lb) initiation are discussed, and modeling results are

Recent estimates [6, 7] for the heat of formation compared to existing experimental data near

of the product of Reaction la (n-C 4H3) of 124 1000-1500 K. Finally, the proposed model is

kcal/mol (see later discussion) indicate that this extended to examine the possible role of acetone

reaction is about 68 kcal/mol endothermic. Wu et under higher temperature conditions (<2000 K).

al. [8] noted the descrepancy between the en-
dothermicity of Reaction la and the observed EVIDENCE FOR CHAIN MECHANISM
activation energy, and suggested that i-C4H3 is the Palmer and Cullis's review article [12] cites
product (Reaction lb). Because isomerization of results such as inhibition by radical scavengers and
the (C4H4) intermediate is required prior to de- wall effects as evidence that the thermal decompo-
composition, it is probable that the reaction will wall f aeylene ha adic al decompo-
have a low A-factor and/or an activation barrier in sition of acetylene is a radical process. Because itexcess of the reaction endothermicity. Their pro- mcl oe ine inde

posed Arrhenius parameters (A = 2 x 1 13 cm 3  might effectively remove singlet vinylidene as

mol-I sec- 1, E = 44.5 kcal mol-') are inconsis- well as monoradicals, other evidence is needed

tent with this constraint, regarding the possible role of vinylidene. The

Discounting the possibility of isomerization and arguments [ 10, 13] for an extremely short lifetime
invoking an activation energy of 68 kcal/mol for (with respect to isomerization to HCCH) of

ion vinylidene do strongly suggest that a dominant roleReaction la, Duran et al. [9] were unable to f

describe experimental data with detailed chemical for vinylidene is not compatible with the experi-

kinetic modeling. In addition, Duran and cowor- mental observation of induction periods (see ref.

kers [10] found their data to be consistent with the 12) in the pyrolysis; Reaction (1c, - Ic) will

assumption that acetylene pyrolyzes by isomeriz- essentially equilibrate in a time equal to (or less

Iing to vinylidene which then inserts into a C-H than [13])
bond of acetylene to form vinylacetylene. The undergo one collision.
mechanism Therefore, the observation of induction periods

supports the participation of a radical chain in
C2H2 + M '-. H2CC: + M, (lc) which vinylidene does not play a significant role.
H2CC: +C 2H2 -" (C4H4)*, (1d) [Although a hypothetical chain involving vinyli-
(C4H)* + M ,- C41-L +M (le) dene can be constructed by adding a fourthI (CH.O+M ~C41~+M le) reaction,
requires that the reverse of the first step be very (C4 H)* + C2H2 t-o H2CC: -+ C4 -H (If)

fast so that vinylidene is always in equilibrium

with acetylene. Alternatively, Kiefer et al. [11] to the above three, the "chain length" in this
find support for the vinylidene mechanism from sequence will be insignificant because of the
detailed balancing and interpretation of experi- extremely rapid isomerization of H2CC: to acety-
mental data on the reverse process, i.e., the lene, i.e., R(lf) cannot compete effectively with
decomposition of vinylacetylene. R(- lc).]

We cannot disprove a contribution from this Evidence for a radical chain also arises from the
nonchain dimerization; however, upon review of work of Callear and Smith [14], who investigated
our own experimental data as well as that obtained the reaction between acetylene and atomic hydro-
by others we reach the unavoidable conclusion that gen in a quartz vessel at 293 K. Atomic hydrogen
a radical chain process occurs. In attempts to was generated by decomposing H2 using a low-
model experimental data, we have identified the pressure mercury discharge lamp. Major products

i (C-3
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included ethene, 1,3-butadiene, benzene, and diacetylene and traces of 1,3-butadiene, and C3
trans-l,3,5-hexatriene. To explain these products, and C5 species. Under similar conditions but with
Callear and Smith suggested a reaction mechanism a heated sampling system, Colket [161 detected the
similar to that used in the present study except that same species and benzene, phenylacetylene, and
in the low temperature, hydrogen-rich investiga- traces of naphthalene as well. Although the vinyli-
tion, C2H3, n-C 4H5, and l-C 6 H 7 (1,3,5-hexa- dene mechanism apparently explains the overall
trienl-yl) radicals formed principally C2H4, 1,3- decomposition rates of the reactant, it does not
C4H6, and 1,3,5-C 6H8 rather than losing H-atoms describe the variety of products that have been
to form C2H2, C4A-4, and benzene. Some benzene observed experimentally. Thus, contributions
was still formed at low temperatures, presumably from a chain sequence are expected.
because of the high stability of the aromatic. A Further indications of a chain mechanism are I
main conclusion from this low-temperature study provided by additional single-pulse shock tube
was that chain processes exist. If these chain data in Fig. 1, which compares vinylacetylene and
processes exist at room temperature, they are not benzene production from three different gases: (a) I
likely to vanish at elevated temperatures. The 2040 ppm biacetyl in argon, (b) 3.7% acetylene in
principal concerns in extending these results to argon, and (c) a mixture of 3.55% acetylene and
pyrolysis conditions are the stability of the radical 1500 ppm biacetyl in argon. It also reveals that the 3
adducts (relative to the reactants) and whether or production of C4-L4 and C6A 6 is substantially
not sufficient radicals can be generated to initiate larger from the mixture than would be expected
the chain and account for the measured rate of from purely additive considerations. Near 1100 K,
acetylene pyrolysis. These aspects can only be the mixture produces an order of magnitude more
addressed properly through detailed chemical ki- C4H and C6 H6 than is produced from acetylene or
netic modeling. biacetyl. Because there is no reason to expect that

At elevated temperatures, there is a multiplicity biacetyl enhances the rate of the vinylidene mecha-
of products from the thermal decomposition of nism, this enhancement must be a result of a chain
acetylene. Near 1000 K, using 20% C 2H 2 in mechanism initiated by biacetyl decomposition
helium, Munson and Anderson [15) found vinyla- first into acetyl and then into methyl radicals.
cetylene and also benzene, ethene, methane, and Mechanisms by which methyl radicals are con-
hydrogen. Working at even higher temperatures, verted to H-atoms (required for the acetylene
Ogura [3] detected the same products during chain) are discussed elsewhere in this article.
pyrolysis in a single pulse shock tube and also Methyl radical addition to acetylene and to subse-

3.55% C2H2  I
CL 150ppm (cH3CO)2  o C 4H4

/ 3.7% CH

~-1

0 2040pprn (CH 3CO)2  . .....* ... ,,.
0 204"pp, (CH

0- 
1 3

1000 1200 1400 1600 1800 2000

TEMPERATURE (K)
Fig. I. Comparison of production of vinylaceylene and benzene in a single-pulse shock lube.
-. 3.7% acetylene; ---. 2040 ppm biacetyl; • • ". 3.55% acetylene/1500 ppm biaceyl: .

vinylacetylene; A, benzene. Total pressure - 8 atmo. dwell times - 500-700 usec.
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3 quent adducts forms a variety of products, e.g., pilations [17, 18] have retained the early results
C3H"14 , C 4H6, C4H8 , etc., but the concentrations of and differences between the isomers are often
these species are small relative to those of C4H4  ignored. For the purpose of this study, we
and C 6H6. There appears to be no facile method to hypothesize two separate isomers of C4H3: HCC-
produce vinylacetylene and benzene at the ob- CCH2 (i-C4H3 ) and HCCCH1CH (n-C4H3 ), We
served rates other than from the chain mechanism assume the first of these to be a resonant-hybrid
related to acetylene pyrolysis. with the two Kekul6 structures: HC = C = C = CH2

Finally, Ogura [3] shock-heated equimolar mix- and HC M C-('= CH2. This assumption is consist-
tures of C2H2/C2D2 diluted in argon. He found ent with interpretation of electron spin resonance
more than 40% of the vinylacetylene in the form of measurements [191.
the C4H3D and C4HD 3 isotopes at temperatures as Recent estimates by Stein [6] and Bittner [7]
low as 1070 K. It is highly unlikely that such place the heat of formation (AHf.298

0) of n-C 4H3
significant scrambling can be accounted for by a near 124 kcal/mol. These estimates are based on
vinylidene mechanism. Again a radical chain the heat of formation of C41-H4 (about 69 kcal/mol)
sequence is favored, and the assumption that D(n-C 4H3-H) is equiva-

In summary, (1) an induction period has been lent by analogy to D(C 2_H3-H), i.e., about 108
observed during low-temperature acetylene pyro- kcal/mol. Accepting the analogous reasoning,
lysis, (2) a radical chain mechanism has been there are remaining uncertanties in both the heat
observed at room temperature, (3) acetylene pyro- formation of vinylacetylene (C4H4) and the C2H3-
lysis produces a wide variety of products, (4) a H bond strength. Recent proposals [17, 20] for the
large enhancement in the production of vinylacety- heat of formation of C4H.4 vary between 68 and 74
lene and benzene is observed when acetylene is kcal/ mol. We chose to accept 69 kcal/mol based
copyrolyzed with biacetyl, and (5) significant on the agreement between group additivity calcu-
scrambling was observed during pyrolysis of lations and Bittner's analysis [7], which compared
C2H2/C2D2 mixtures. Because these phenomena experimental heats of hydrogenation for several 3-
are either indicative of a chain mechanism or can en-1-yne hydrocarbons. The heat of formation of
only be explained by a chain mechanism, they vinyl and consequently the vinyl-H bond strength
support the existence of a chain mechanism during has been under much discussion in recent years
acetylene pyrolysis at temperatures of 900-1400 with most suggested values ranging from 62 [171
K. They do not exclude possible contributionso"" a to 72 [21] kcal/mol. A midrange value of 67.5
vinylidene or other nonchain mechanism, nor do kcal/mol leads to 124(+ 10, -7) kcal/mol for the
they provide information on the relative contribu- heat of formation of n-C4H3, where the assigned
tions of the two mechanisms if two coexist. uncertainties reflect the range in the published
Nevertheless, as recent modeling efforts have values for the heats of formation of vinyl radical
focused on a nonchain mechanism, this work and vinylacetylene.
focuses solely on chain processes to examine Thermodynamics for i-C4 H3 have also been
whether or not they describe acetylene decomposi- estimated by both Stein [6] and Bittner [7]. Stein
tion and product formation adequately. argues that the difference between n-C4H3 and i-

C4H3 should be approximately equal to the reso-

HEATS OF FORMATION OF CH3 nant energy in HCCCCH 2. An upper limit of this

ISOMERS resonant energy is that in the propargyl radical
(-8 kcal/mol [58]). He then estimates a lower

An interesting, although not critical, issue of this limit heat of formation of i-C4H3 to be 116 kcal/

analysis is the heats of formation of the isomers of mol. Alternatively, Bittner used the procedure
C4 H3. Most modelers have relied on the early described by Cowperthwaite and Bauer [4] to
calculations of Cowperthaite and Bauer [4], which determine the delocalized electron interactions.
were performed for the butatrienyl isomer. Later Using parameters updated from those used previ-
estimates for the C4 H3 isomers differ substantially ously [4]. Bittner calculates AH/.298

0 = 110.6
from these calculations. Nevertheless, recent com- kcal/mol. It is important to note that as in the case

5 (C-5
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of n-C 4H3, both estimates of i-C4H3 are depen- TABLE I
dent on the uncertainties of the heats of formation Simplified Reaction Sequence For Low Temperature Pyrolysis
of C4 H4 and C 2 H3 . Both the Stein and Bittner of Pure Acetylene
values are substantially higher than the previous
calculation [4] of 102 kcal, although the large C212 + C2 H2 - n-C4 H3 + H (la) 1
estimated uncertainties (+ 10, -7 kcal) place all H + C2H. - C2H, (2)
three values in "agreement." In the remainder of C2H3 + C2H2 - CAH + li (3a)

the present study we have elected to use the lower C2H3 + C2H, "- C4H,6  (4)

limit value suggested by Stein. Despite the com-
mon use of the early calculation [4] for the heat of
formation of C4H3, we believe this value is termination and C4H3 + H dominated. Termina- 1
significantly in error due to the updated calculation tion by vinyl recombination has also been sug-
of Bittner and the recent estimate [20] of 81 kcal/ gested by Ogura [3]. Duran et al. [91 and
mol for the heat of formation of butatriene, which Frenklach et al. [5] also included vinyl-vinyl
coupled with 102 kcal/mol for C4H3 would predict recombination in their models. In the former
a rather low (and unlikely) value of 73kcal/mol for study, an unusually high rate constant (101 4 cm3

the C-H bond strength in butatriene. mol-I sec-') was used which partially explains
why their attempts to model acetylene pyrolysis

PRELIMINARY MODELING failed. In the latter case, the modeling was
performed at temperatures above 1400 K where

For low-temperature pyrolysis (900-1400 K), thermal decomposition of vinyl is fast so alterna-
Tanzawa and Gardiner [1] invoked bimolecular tive recombination processes can compete. A
initiation followed by addition of H-atoms to C2H2  dominant termination step was not identified by
to form vinyl radicals. The proposed chain mecha- Frenklach, et al.
nism accounted quite well for the experimental Performing a steady-state analysis on the reac-
results for acetylene decomposition. However, it tions in Table I leads to
did not describe the known production of benzene ____ 1d [ 2 k3 A [C, 2\I/2

and higher molecular weight species, which to- = [C2 H2  /
gether accounted for more than 50% of the dt 4/
decomposed acetylene (near 1000 K). Frenklach + 2kla[C 2H2]2. (Eq. A)
and coworkers [5] extended this mechanism to
describe formation of heavier species including in agreement with the often quoted experimental
PAH and soot formation during pyrolysis of observation of second-order decomposition kinet- 1
acetylene at higher temperatures. Colket [16], ics. Assuming a long chain, the second term in Eq.
subsequently, used a similar mechanism for com- A can be ignored and the overall activation energy
parison to experimental profiles of species with is Eo.V E3A + (El. - E4)/2. Assuming E 3A = Imolecular weights up to 102. Each of these studies 4, E4 = 0 kcal/mol and taking El, = 68 (in accord
used Reaction I or la as the initiation step with with the reaction endothermicity), then Ev = 38
Arrhenius parameters as defined by Tanzawa and kcal/mol, which agrees with measured values.i
Gardiner (E = 45.9 keal, A = 2 x 102 cm 3  Substitution of 46 kcal/mol (the previously used
mol- I sec- ) value of El) for El, gives a steady-state E0, of 27

Based on these studies, a simplified, low- kcal/mol, substantially lower than experinental 3
temperature sequence can be written (Table I). results.
This sequence differs from that proposed by Despite the attractiveness of the "updated" E,,
Tanzawa and Gardiner [1] in that Reaction la is our attempts to model experimental results of
assumed to initiate the reaction and vinyl recombi- Munson and Anderson 115] were not fully satisfy- 1
nation was found to dominate radical termination. ing. The mechanism and rate constants adopted
In the earlier modeling [11, the high stability were similar to those used by Colket [161. Princi-
assumed for C4H3 led to its important role in pal differences included values of two rate con- 1

C-6 I
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stants (see, for example, ref. 23) decreased to appr,'xi-mately 0. 1 % of the acetylene concentration. As-
k13hJgh=6× 1014e(- 8k~ai/mO/RT)cm 3 mo-' sec-' suming that a radical initiation rate of klihgh

and [C2H2]2 is needed to produce sufficient radicals
for acetylene pyrolysis, then this rate can bek4 =2x 10 2cm 3 mol - sec - . compared to the measured [24] rates of chain

The first expression is denoted k1lhi gh becauseit initiation by acetone

is higher than the maximum value one would CH3COCH 3-CH 3 + CH 3CO, (5)
expect. The A-factor is obviously much too high
for a bimolecular initiation of this type. The value CH3CO--CH3 + CO. (6)
of k4, for vinyl-vinyl recombination, is more than
five times lower than that typically used for this Assuming [acetone]/[C 2 H2] = 0.001, one ob-3 reaction. Thus, despite reasonable agreement of tains
experimental acetylene decay and product forma- k5 [acetone]
tion with the model, these results must be viewed = 0.004 x e( -  1m°hRT[C2H2] -,I with caution. k1, [C2H2] 2

with Szwarc and Taylor's expression [24] for k5
(= 2.4 x 1014 exp(- 72 kcal/mol/RT) sec- '). At

INDICATIONS OF ACETONE 20% C2H2 and 1000 K (Munson and Anderson's
INITIATION conditions), this ratio is 22 while at [C 2H2] =

With concern about the above results and yet with 2.35 x 10- 5 mol/cm 3 and 1200 K (Ogura), the

the evidence for the existence of a chain, possible ratio is 3.2. Because this ratio is greater than I at
initiation steps were reexamined. Of the likely both experimental conditions, radical initiation by

possibilities thermal decomposition of acetone dominates over
that of acetylene.

C2H2 -C 2H + H- 128 kcal mol-, Considering that ki. Igh is substantially higher
than can be expected from thermodynamic argu-

C2H2 + C2H2-- C2H + C2H3 - 87 kcal mol - ,ments and that the radical initiation rate from
C2H2 + C2H2 -i-C 4H3 + H- 60 kcal mol-, acetone is higher than the required rate of initia-

tion, it seems quite reasonable to expect that
only the third has a sufficiently low endothermic- acetone plays a role in the initiation process. For
ity, and yet it also would be expected to have a low reference, it is instructive to examine the ratio
A-factor in order to form the H2CtCCH radical. k,[acetone/kI[C2H2]2 when k, is assigned the
This reaction remains a possibility and cannot be value determined by Tanzawa and Gardiner [1).
ruled out. Further consideration of the initiation This ratio is then 0.13 and 0.12 for the same
problem led us to consider impurities as potential conditions cited at the end of the previous para-
initiators. Acetone, stored in acetylene bottles as graph. These values, in all probability, led to early
an inhibitor of self-detonation, is a well-known conclusions that acetone initiation contributed
impurity of acetylene and coelutes from tanks in negligibly to acetylene pyrolysis. This difference
concentrations of 1%-20% that of acetylene [231. in conclusions suggests a major difference in the
Because the vapor pressure of acetone is about one values of k, and ki, so reasons for this difference
fourth an atmosphere at room temperature and need to be examined.
peak cylinder pressures (Matheson) are about 18 The absolute value of k, determined by Tan-
atm, nominal acetone concentrations can be esti- zawa and Gardiner is nearly two orders of magni-
mated to be 1.3% of the value of acetylene. When tude higher than the k,. found in the present
precautions are taken to reduce the concentration analysis. The principal reason for their higher3 of impurities, acetone concentrations are typically value is believed to be caused by the low AHf for
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the CH 3 radical (- 20 kcal/mol lower than that parameters nearly identical to those given by Dean 3
used for n-C 4H3 in the present analysis). The and Westmoreland [25] (see Table 6) the rate of
resultant high stability of C4H3 radical as used in CH 3CHCH isomerization to allyl radical relative
their model led to high radical concentrations and to its rate of decomposition to methyl acetylene
high rates of radical termination via C4H3 + H, and H is approximately 5. As a consequence of the I
the reverse of Reaction 1. This step played only a stability of allyl, its decomposition is slow and
minor role in the present study; rather vinyl-vinyl principally adds to acetylene to form C5H7 (R9).
recombination dominated termination. Consistent This linear radical can then either decompose to I
with the interpretation of high radical concentra- reactants (R(- 8)) or form cyclopentadiene plus
tions (predicted by the Tanzawa and Gardiner atomic hydrogen (RIO). Thus, methyl radicals
model near 1000 K) is they very low rate constant produced from acetone decomposition will be I,
that was used for the principal chain step (Reaction rapidly converted to H-atoms. Since the ks[ace-
3a). At 1000 K, their rate constant, k3, = 1.6 x tone]/kl[C2H2]2 ratios as previously calculated
1013e- 2S.10/RT, is three order of magnitude below are significantly greater than 1, production of H- I
that (for Reaction 3) used in the present study. atoms via acetone decomposition appears to be
Although Reaction 3 was found to be nearly sufficiently fast to initiate the thermal decomposi-
equilibrated in the present study, the net rate of tion of acetylene. I
Reaction 3 was still more than ten time faster than At higher temperatures, methyl radical addition
Reaction 3a. to acetylene must compete with methyl reco-ibina-

The important conclusion from this cursory tion (R17). The latter process can become impr- i
analysis is that acetone decomposition is fast tant at high temperatures because its rate is
enough to influence the radical concentrations proportional to the square of the concentration of
during acetylene pyrolysis. methyl radicals and the rapid decomposition of

acetone (at elevated temperatures) quickly pro-

ISSUES RAISED BY ACETONE duces high concentrations of methyl. Also, methyl
INITIATION can extract hydrogen from acetylene (R16), be-

cause at high temperatures thermal energy is
Several critical issues must be raised if initiation available to overcome the substantial endothermic-
by acetone contributes. First of all, a rapid ity (- 25 kcal/mol) of this reaction. In either high-
mechanism for conversion of methyl radicals to H- temperature case, a variety of alternative se- I
atoms must exist; secondly, the "well-known" quences will again provide H-atoms.
second-order behavior of acetylene must be ad- The order n for the overall reaction as defined
dressed, specifically to see if this reaction order by if
can be predicted and if not, why not; and thirdly, if d[C2H2]
acetone initiation dominates, then why is there d - kov[C 2H2]
such good experimental agreement (see ref. 12) on I
acetylene decomposition from study to study when is often cited at 2. A steady-state analysis using
initial concentrations of acetone can be expected to reactions in Table I and Reactions 5-10 in Table 2
vary? leads to I

It is readily shown that methyl radicals can be
rapidly converted to H-atoms. A mechanism for d[C2H2 ] = 2k3A 2k5 \ 1/2= 2k3A I-I [C2H2ljacetone]I /2,

conversion is shown in Table 2. Rate constants di k4
were obtained from the literature where possible.

The principal fate of methyl near 1000 K will be its or assuming [acetone]/[C 2H2] = 0.001, then
addition to acetylene (R7). According to a recent d[C2 H2] 1/2
QRRK analysis [25] the resultant adduct should - - =0.09k3A [C2H2]3 r2.
stabilize under these conditions. Using rate con- dt /
stant (in Tables 2 and 4) and thermodynamic (Eq. B)

C-8 I



I.

IM. B. COLKET ET AL.

TABLE 2

Proposed Set of Reactions and Rate Coefficients for Initiation by Acetone
log k = log A + n log T - E/R/T/2.303

Forward Reverse
rate constantb rate constantb

Reactions" log A n E log A n E Ref

5 CH 3COCH 3 = CH 3CO + CH 3  14.38 0.0 72.0 11.55 0.0 -5.6 24

6 CH 3CO = CH3 + CO 12.48 0.0 16.7 10.68 0.0 4.6 c

7 CH3 + CAH2 = CH 3CHCH 11.79 0.0 7.7 12.87 0.0 33.9 48
8 CH3CHCH = C3H, 13.15 0.0 36.0 14.10 0.0 57.4 25

9 CHs + C2H2 = CH 7  12.00 0.0 8.0 13.11 0.0 20.1 est d
10 C.l"17 - c-C A + H 10.30 0.0 5.0 0.00 0.0 0.0 est
11 H + C3H1- = CH 3CHCH 12.76 0.0 3.1 12.52 0.0 38.2 49
12 H + ALLENE = C3H5  12.60 0.0 2.7 13.13 0.0 60.9 49

13 2C31- = CAH' + C31H. 12.70 0.0 0.0 13.20 0.0 30.5 est
14 C3H + C2H3 = C3 A 12.70 0.0 0.0 15.62 0. 82.5 est
15 C3H + H = C3 "1 13.60 0.0 0.0 14.81 0.0 87.0 est

16 CH3 + C2H = Cl-4 + C2H 12.40 0.0 35.0 13.11 0.0 15.1 est
17 2CH 3  = C2 I'-I. 14.38 -0.4 0.0 16.31 0.0 87.1 c

18 2CH3 = C2H + H 14.90 0.0 26.5 16.92 0.0 16.3 C

19 C2l'6 + CHM = C2H + Cl-L -0.26 4.0 8.3 14.71 0.0 25.1 c

20 C2H, = C21"- + H 13.30 0.0 39.7 12.50 0.0 1.9 C

21 CH3 + CH3COCH3 - C-. + CH2CO + CHj 11.60 0.0 9.7 0.00 0.0 0.0 50

22 H + CH3COCH3 - H2 + CHMCO + CH3 13.28 0.0 6.4 0.00 0.0 0.0 49
23 CH, + CH3COCH3 - C2l' + CH2CO + CH3 12.48 0.0 6.4 0.00 0.0 0.0 est
24 CH2CO = CH: + CO 14.00 0.0 71.0 11.65 0.0 -4.4 1

25 CH3 + H = CHM + H2 14.86 0.0 15.1 14.09 0.0 10.1 51
26 CHM + CH = C2"H. + H 13.30 0.0 0.0 15.89 0.0 61.3 51

27 2CH2 = CzH2 + H2 13.30 0.0 0.0 15.65 0.0 128.7 51
28 CH2 + CAM, = CH, + H 12.26 0.0 0.0 13.36 0.0 11.5 C

29 2C3H3 - CA 12.70 0.0 0.0 0.00 0.0 0.0 est
30 CH 2CO + H = CH3 + CO 12.85 0.0 3.0 11.87 0.0 37.0
31 CH2CO + CH 3 = CAH, + CO 12.30 0.0 3.0 13.34 0.0 26.7 est

I =" represents forward and reverse directions included in model. - represents forward direction only included in model.
b Units for A: cm3/mol/sec. Units for E: kcal/mol.

c Rate constant from ref. 29.
Estimate based on thermodynamics and/or analogous reactions.

'Rate constant a factor of 3 lower than that reported in ref. 29.

This steady-state result that n = 3/2 appears to be from Silcocks [26] as well as the flow reactor data
a major drawback of the present proposal regard- from Palmer and Dormish [271 were originally
ing initiation by acetone. A review of the literature interpreted assuming simultaneous homogeneous
was performed in an attempt to find references in and heterogeneous processes. Silcocks found the
which the reaction order was determined or which reaction orders to be 2 and 1, respectively,
provide data from which the order could be whereas Palmer and Dormish found that this
computed. A summary of reaction orders is assumption was consistent with their data. An
presented in Table 3. Although there is substantial attempt has been made to reinterpret the latter
variation in the reaction order, most values fall in experiments, with a resultant overall order ranging
the range of 1.5-2.0. The low-temperature data from 1.2 to 1.7. Munson and Anderson's low-
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TABLE3

Experimental Overall Reaction Orders

Apparatus Temp (K) Order (n) 3
Silcocks [261 static reactor 625-745 l(het.), 2(hom.)

Cullis and Franklin (281 static reactor 983 2

Munson and Anderson 115) flow reactor 873, 923 1.7 - 0.2 a
973-1073 1.5 ± 0.1

Palmer and Dormish [27] flow reactor 1333-1528 l(het.), 2(hom.)
11.2 to 1.71I

Ogura (3] SPST 1000-1670 (-2.3)

Colket (161, this work SPST 1100-1400 1.6 ± 0.2

Wu, Singh, and Kern (8] shock tube 1900-2500 1.75 ± 0.21 I
Aten and Greene (521 shock tube 1400-2500 1.72 ± 0.1

Cundall et al. 153] shock tube 1500-2500 1b

Gay et al. 154] shock tube 1600-2400 not 2

Towell and Martin (55] flow reactor 1220-1400 1.51,

Evaluated in present study. 1
b Overall order for formation of products.

!
temperature experiments [15] exhibit significant reaction order of 1.5. Results from other authors
scatter in plots of log(rate) vs. log[C 2H2] but the listed in Table 3 do not support the "well-known"
order appears to be 1.7 ± 0.2. Their higher reaction order of 2.
temperature experiments clearly give n = 1.5 ± Thus, with the exception of the very-low-
0.1. The results from Colket [16] of n = 1.6 ± temperature data of Silcocks and the value from
0.2 are from comparison of single-pulse shock Ogura, the assumption of an overall reaction order I
tube experiments at 4.9% (unpublished), 3.5% of 1.5 as suggested by acetone initiation is not
(ref. 11), and 0.2% acetylene (unpublished). The unreasonable. In fact, the experimental data seem
order obtained by Ogura [3] is substantially higher to support a value of 1.5 as well as or perhaps 1
than from other experiments. Results from Cullis better than the order of 2.
and Franklin [28] at 983 K give beautiful agree- If acetone is the initiator, then why should
ment with the assumption of a second-order experiments performed in many different laborato- I
reaction. If indeed a chain mechanism controls the ries, presumably with different initial acetone
reaction, however, then Cullis and Franklin's data concentrations, all result in similar overall rate
need reinterpretation. They pyrolized pure acety- constants? This is a question that we could only 3
lene at total pressures ranging from 96 to 402 torr. partially address. A variety of purification tech-
Under these conditions, some critical reactions, niques have been used. Often the level of impuri-
particularly H + C2H2 - C2A 3, can be expected ties was not determined or not determined with i
to exhibit pressure dependence (see Warnatz [29]) sufficient accuracy. Based on our own experience,
and will lead to a net decrease in overall reaction the work of Hamins et al [231, and reported purity
rate with decreasing pressure. If pressure depen- levels, we estimate that typical purified samples of
dence is included, a preliminary analysis indicates acetylene contain about 0.1 % acetone, with a total
that Cullis and Franklin's data are no longer range of 0.05% to 0.2%. This variation of a factorinconsistent with the assumption of an overall of 4 leads to a factor of two variation in overall 3
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decomposition rates (because of the half-order n-C 4H5 + CH 2 -C 6 H

dependence on acetone concentration) and is

within the measured experimental uncertainty, this was not possible, but an attempt was made
instead to maintain the ratio of rate constants as

DEVELOPMENT OF KINETIC MODEL determined in modeling the SPST data. Reaction
33 has been simplified from the previous three-

The kinetic model used in this analysis is based on step reversible sequence involving intermediate
(1) the initiation sequence as indicated in Table 2 formation of I-C6H 7 and c-C 6H 7, since a QRRK
largely using published rate constants and (2) an analysis by Westmoreland [33] indicates that at the
acetylene pyrolysis model as refined by Colket conditions of the present study the reaction rapidly
[161 to describe results obtained in a single-pulse proceeds as
shock tube. Model results (using a program based
on CHEMKIN [30], LSODE [31], and isothermal, C 2H2 + nC4H5"l-C6H*'c-C6H*-C6H6 + H.

isobaric assumptions) were compared with the Modeling results near 1000 K using the irre-flow reactor data of Munson and Anderson [151. versible one-step or the three-step reversible se-
The mechanism and rate constants used to model quence were virtually indistinguishable.
the flow reactor data are shown in Tables 2 and 4. Other differences between the present and
Bimolecular initiation by acetylene (RI) was previous [16] model include rate expressions for
included in the model using a rate constant that can H-atom extraction by phenyl or vinyl from vinyla-
be expected to be an upper limit. In the modeling cetylene. These were equated to the expression for
of the Munson and Anderson data, this reaction vinyl plus 1,3-butadiene suggested by Kiefer et al.
always had a negligible role. Alternatively, Reac- [34]. Model results showed little sensitivity to rate
tion lb was not included. Assuming kib = constants for these reactions. Vinyl-vinyl recom-
1012e - 6° '°°/RT, this reaction could be a few times bination (R4) was taken to be 2 x 1013 cm 3/mol/
faster than Reaction la at 1000 K. Nevertheless sec based on a fit to the Munson and Anderson
this step still plays a negligible role in radical data. Rate constants fer other alkyl radical termi-
initiation, because kIbIC 2H2] 2 4 k5[CH 3- nations were assumed to be equal. The selected
COCH3] even with acetone one-thousandth the value was 5 x 10'cm3/mol/sec. After Frenklach5 concentration ofacetylene. With Eb = 54 kcal, et al. [5], the two isomers, n-C4H 3 and i-C4H3,
consistent with Bittner's thermodynamics for i- were included; however, there is no ready sink for
C4H3, the rate of Reaction lb is still an order of i-C4H3 at the low temperatures of the Munson and
magnitude less than that of Reaction R5. Anderson sudy. To resolve this problem, two

A few rate expressions have been adjusted in reactions were included:
order to provide better fits to the flow reactor data.
Selection of rate constants for modification was n-C4H3 - i-C4H3, (61)
accomplished using a combination of a reaction
pathway analysis (with computer progl,.; devel- i-C413 +C 41."--.Cl-16+ H. (66)
oped at UTRC) and a sensitivity analysis using
CHEMSEN [32). For each rate expression modi- The first of these was found to be negligible
fled, attempts were made to maintain consistency near 1000 K. The second was the dominant sink
with the SPST modeling results [16] by adjusting for i-C4H3 while affecting phenylacetylene
both the A-factor and the activation energy. In slightly. The first reaction was assigned a rate
most cases this was possible because the flow constant similar to a value [35] for the i-C3H7 "-
reactor data were most dependent on kinetics over n-C 3H7 isomerization, although a barrier close to
the range 900-1000 K, whereas for the SPST the strain energy in cyclopropene was assumed.
results the range was 1200-1500 K. In the case of The resultant activation energy, E61 = 53 kcal/
the competitive sinks for the n-C 4H5 radical, mol, is rather high (especially if tunneling occurs,

as in the case of the vinylidene-acetylene isomer-
n-C 4H5 - H+C 4H, (32) ization) so we tested our mechanism with a much
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TABLE 4
Proposed Set of Reactions and Rate Coefficients for Acetylene Pyrolysis at Low and Intermediate Temperatures

log k = log A + n log T - E/R/T/2.303•

Forward Reverse
rate constanta rate constantO

Reactions, log A n E log A n E Ref I

I 2C2H 2 = n-CH 3 + H 13.00 0.0 67.0 12.48 0.0 -2.0 esti

2 H + CH 2 = C2H3  12.74 0.0 2.5 13.01 0.0 43.7 56
3 C2H3 + C2H2 = n-C,Hs 12.04 0.0 4.0 1388 0.0 38.4 16
4 2C2H3 = C.H 6  13.30 0.0 0.0 16.71 0.0 101.1 pwd 1

32 n-C.H, = CH., + H 14.20 0.0 41.4 13.60 0.0 3.0 pw

33 n-CH + C2H, - C6 ,H6 + H 12.65 0.0 10.0 0.00 0.0 0.0 pw
34 C2H) + C4 H. - C" + H 11.60 0.0 0.0 0.00 0.0 0.0 "

35 CH 4 + n-CH, - C.H, + H 13.08 0.0 5.0 0.00 0.0 0.0 pw I
36 CjH, + H = CjHj + H2  14.60 0.0 7.0 13.65 0.0 12.0 16

37 CH7 = Cd1l4 + H 12.85 0.0 45.0 12.95 0.0 0.7 est
38 C21'4 + CJ45 = C@H, + H 11.27 0.0 2.1 12.38 0.0 1.6 /

39 C".t + H = C-IH + H2  14.40 0.0 16.0 12.69 0.0 9.8 29
40 C2H 2 + CH = CH 6 + H 12.00 0.0 4.0 13.88 0.0 6 0 •

41 C2H 3 + CH. = C21-L + n-C,H 13.30 0.0 14.5 13.23 0.0 13.4 34

42 CH. + CjH, = C"-1, + n-C4 H3  13.30 0.0 14.5 13.60 0.0 18.9 34 I
43 l-Cji,' = n-C.H3 + C2H2 14.00 0.0 36.0 11.69 0.0 1.0 16

44 C61-15 = I-CMs 13.54 0.0 65.0 9.91 0.0 1.1 16

45 C2H3 + CJ 6 = CzH, + CM-, 13.30 0.0 14.5 12.94 0.0 9.1 *
46 C2H3 + H = C2 H. 13.60 0.0 0.0 15.55 0.0 105.1 est I
47 C2H., + H = C2 H3 + H2 14.84 0.0 14.5 13.49 0.0 13.8 29

48 C:H, + H = H2 + C.,H2  13.00 0.0 0.0 13.34 0.0 63.1 29
49 C,. 4 + H = n-C 4H3 + H2  13.90 0.0 14.5 12.49 0.0 12.7 29

50 C"- = C!1 + 11 15.70 0.0 107.9 13.39 0 0 -2.6 57
51 CjHs + C"' = C, 2H1 0 + H 11.80 0.0 11.0 13.04 0.0 8.7 "

52 2n-CH5 = Csri,o 12.70 0.0 0.0 16.92 0.0 106.9 est
53 n-CH + H = C,H. 13.60 0.0 0.0 15.44 0.0 107.9 est

54 n-CH5 C2H 3 = CM., 12.70 0.0 0.0 16.33 0.0 104.0 est
55 C," + H = n-C 4H5 + H2  14.00 0.0 14.5 12.76 0.0 10.9 34
56 CH 6 + C1H3 = n-CH + C21H 13.30 0.0 14.5 13.41 0.0 11.7 8

57 CH, + CH 3 = CH, 12.70 0.0 0.0 15.76 0.0 104.5 est 1
58 i-C,H3 + H2 = C2H2 + C2H3 10.70 0.0 20.0 10.58 0.0 17.8 16

59 i-CM) = CH 2 + H 12.00 0.0 49.0 12.05 0.0 0.6 16
60 n-CH = C4HJ + H 12.60 0.0 40.0 12.95 0.0 -0.4 16
61 n-C,H3 = i-CH 3  13.00 0.0 53.0 13.30 0.0 61.0 est I
62 i-CH + H = C4 ,2 + H2  13.00 0.0 0 0 13.65 0.0 56.0 16

63 C,H, + H = i-CH3 + H2  14.49 0.0 14.5 13.38 0.0 20.7 16
64 CH5 + C4 H = CH 4 + i-CH 13.30 0.0 14.5 13.90 0.0 26.9 a

65 C2H3 + C,'- = C2 1i' + i-CH 13.30 0.0 14.5 13.54 0.0 21.4 I
66 CJH + i-C, - C,-6 + H 11.60 0.0 0.0 0.00 0.0 0.0 est
67 H2 + M = 2H + M 12.35 -0.5 92.5 9.98 0.0 -13.1 29

• represents forward and reverse directions included in model, -" represents forward direction only included in model.

b Units for A: cm)/mol/sec. Units for E: kcal/mol.

I Estimate based on thermodynamics and/or analogous reactions.
Rate evaluated from present work. I
See citations in ref. 16. (Reverse rate constants may differ slightly due to differences in the thermodynamics and the temperature

range of the fit for the reverse rate.)
/ Rate constant half of that cited in ref. 16.

See text.
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lower activation energy of 5 kcal/mol. Virtually radical and the C8-species, which were obtained
no change was observed in the computations for from Stein [6]. The latter are identical to those3 the Munson and Anderson conditions. Despite the used in the study by Frenklach et al. [5].
insensitivity of our calculations to this rate con-
stant, we retain the high E61 because the isomeriz- KINETIC MODEL VS. THEORY
tion process is more likely analogous to the
rearrangement of the vinylidene-acetylene anions In Figs. 2-5, calculations of acetylene, benzene,
(because of the unpaired electron). Calculations vinylacetylene, and ethene yields are compared to
[22] for the latter process indicate a barrier of 45- experimental profiles as measured by Munson and
50 kcal/mol in qualitative agreement with the first Anderson [15] in a flow reactor. For these
estimate for E61. Reaction 66 has been proposed calculations it was assumed that the acetone-
[36] as an alternative mechanism for forming acetylene ratio was 0.001. Overall the agreement
phenylacetylene. It is a multistep process requiring is quite satisfactory. Benzene is overpredicted at
a 1,4 H-atom shift, cyclization, and loss of an H- long times for the highest temperature run, pre-
atom and was assigned a rate expression identical sumably because of the conversion of benzene to
to that of Reaction 4 which requires a similar higher-molecular-weight species. Vinylacetylene
transformation. Neglecting the back reaction is is underpredicted at the low temperatures. Hydro-
justified since the reverse process is slow at these gen, not shown, is underpredicted by about a
temperatures. A QRRK analysis [37] has been factor of 5-10. Although substantial methane
performed for Reaction 66 and indicates that near formation was observed, a model for methane

1000 K approximately 50% of the C4H, + i-C4 H3  formation was not included. Methane produced
adducts will go directly to products prior to from methyl directly or via odd-carbon species
stabilization to intermediates. Therefore elimina- derived from acetone could only account for a
tion of the intermediate steps is reasonable. very small portion of the methane observed.

A third possible sink for i-C4H3 not included in Heterogeneous catalysis seem the most likely
the modeling is the addition of i-C 4H3 to acety- source of methane although gas-phase reactions
lene, cyclization to form a five-membered ring and are possible. For example, consider addition of the
then isomerization to phenyl. i-C4H5 radical (H2CCH(CCH 2) to acetylene fol-

Third-body effects have been assumed to be lowed by cyclization to a five-membered ring and
small for this analysis. The greatest deviation from isomerization to methylcyclopentadienyl. Subse-
this assumption will occur for the H-atom addition quent reactions involving methylcyclopentadienyl
to acetylene. Fall-off curves given by Warnatz may then form methyl radicals and/or methane.
[29] indicate that the k/k. for this reaction is The i-C4H5 radical is generally ignored in kinetic
approximately 0.5 at I atm of argon and 1000 K. modeling but may play a significant role because it
In the present study, 20% of the gas is acetylene, a should be formed readily via H-addition to vinyla-
more efficient third body, suggesting the k/k . is cetylene.
larger than 0.5; therefore, neglecting pressure The formation of polyaromatic hydrocarbons is
effects is believed to result in only a small error. A not included in the present model. When reactions
reduction of k2 by a factor of two results :n a including the formation of species up to and
reduction of the overall decomposition rate of including pyrene are added to the reactions in
about 5%-10%. Tables 2 and 4, computed results for acetylene,

Some modeling was also performed for compar- benzene, and vinylacetylene fit the experimental
ison to shock tube results. For these calculations, data almost perfectly for the Munson and Ander-
the kinetic mechanism was expanded to include son data of 1073 K. There is relatively little
ethynyl and related radicals (Table 5). change to the model predictions for the lower

Thermodynamic values are reported in Table 6 temperature runs. Reactions involving the high-
and are the same as those used previously [16], molecular-weight species are similar to those
except for those of the C4H3 isomers, phenyl proposed by Frenklach et al. [5]. Specific reac-
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TABLE5

Proposed Set of Reactions and Rate Coefficients for High-Temperature Acetylene Pyrolysis
log k = log A + n log T - E/R/T/2.303

Forward Reverse I
Rate Constant" Rate Constant

Reactions, log A n E log A n E Ref 5
68 C2H 2 + M = C2H + H + M 16.62 0.0 107.0 15.21 0.0 -18.2
69 C2H + C"I. = C2H2 + i-CH 3  13.60 0.0 0.0 13.29 0.0 27.0

70 n-CJ"13 = C 2H 2 + C2H 14.30 0.0 57.0 13.42 0.0 0.8 16 I
71 n-C 4 H3 + H = C,H2 + H2  12.00 0.0 0.0 12.95 0.0 64.0 16
72 i-C 4 H3 + H = C,-l. 13.78 0.0 0.0 15.49 0.0 98.2 est
73 C2H + H2 = H + CzH2  12.85 0.0 0.0 13.65 0.0 20.8 C

74 C2H + C2H2 = C4 H2 + H 13.60 0.0 0.0 14.84 0.0 15.8 1
75 C,H7 = C4 H + H 14.89 0.0 120.0 13.25 0.0 1.9
76 C2H + CH 2 = C6 i2 + H 13.60 0.0 0.0 15.04 0.0 15.5
77 CH + C2H2 = C4'I2 + H 13.30 0.0 0.0 14.97 0.0 8.5 16 I
78 CHIz = C&H + H 14.89 0.0 120.0 13.02 0.0 5.2 C

79 C,-I + H2 = H + CH 2  13.30 0.0 0.0 14.34 0.0 13.8 C

80 CJ + H2 = H + CH 2  13.30 0.0 0.0 14.56 0.0 10.5
81 C2H + C"H = C6H5 + C2H 2  13.30 0.0 0.0 12.40 0.0 14.7 I
82 CH + C" = C6H, + C4H2  13.30 0.0 0.0 12.63 0.0 7.6 C
83 C2H3 + C4 H2 = C4H, + C2H 13.48 0.0 23.0 13.47 0.0 3.1 16
84 C1 4 = CH + C2H3 16.00 0.0 105.0 13.37 0.0 -16.2 16 5
" "=" represents forward and reverse directions included in model.
6 Units for A: cm 3/mol/sec. Units for E: kcal/mol.

See citations in ref. 16. (Reverse rate constants may differ slightly due to differences in the thermodynamics and the temperature I
range of the fit for the reverse rate.)
' Estimate based on thermodynamics and/or analogous reactions. I

20 - 873K

18-1
16-

14 - 923K

L 12 0

0 973K
:2 8-

4- 1023K
2 C2H2  "... o307

0- CI i TI

0 1 2 3 4 5 6 7 8 9 10

TIME (SEC) 3
Fig. 2. Comparison of data and model predictions of acetylene decay. Symbols and solid lines
are data and best fits from Munson and Anderson (ref. 15). Dorted lines are model predictions
from the present study where 1000 ppm acetone in acetylene is assumed. 3
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3 TABLE6 processes. Again satisfactory agreement (compa-

Selected Thermodynamics at 300 K' rable to that achieved in ref. 16) is obtained for
most species, including the minor products,

S. AHf styrene and ethylene. The main descrepancy is that

Symbol Name/structure eu kcal/mol the model underpredicts product formation at low
temperatures. Of particular interest is Fig. 6, in

C12HI0  biphenyl 93.6 43.6 which only odd-carbon products derivable from
C8H1 0  octatetraene 90.4 53.2 the impurity acetone are shown for the 4.9 % series
CH' styrene 82.6 35.3 of runs. Also plotted is the sum of the concentra-
C1H' C4itCCH2  83.8 83.2 tions of acetone plus half of all species containing
C,1I4 phenylacetylene 76.4 75.2
CjI, hexatriene 79.4 39.6 an odd number of carbons. Acetone produces two
C61- benzene 65.2 19.8 methyl radicals, each of which could produce an
C.H- phenyl 69.1 78.2 odd-carbon species. The fact that this sum is
CJ1 2  triacetylene 71.1 169.7 essentially constant over the range of temperature
CJI C*1 74.3 233.2 of experiments lends strong support to a major

CAH6  1,3-butadiene 66.6 26.1
n-CH3  H2CHCHCH 69.1 82.5 thesis of this work, namely that acetone produces
C4H4  vinylacetylene 66.1 69.4 methyl radicals that convert to H-atoms via addi-
i-CIH3  HCCCCH2 68.1 116.1 tion to acetylene, whereas ethane formation via
n-CJ-H HCCCHCH 69.4 124.1 methyl recombination is small compared to methyl
CH 2  diacetylene 59.9 111.7 addition to acetylene. Model predictions are not
CH CH 62.8 179.
C2H3  vinyl 54.5 6517 shown in Fig. 6 because prediction of the odd-

C2H ethynyl 49.6 128.5 carbon products is generally poor. This limitation
C'H' 1,4-pentadiene 76.6 18.7 is probably a direct result of the fact that there are
CH7 1,4-pentadien-1-yi 79.3 78.2 very little experimental data on these species, and
c-CSH6 cyclopentadiene 64.6 32.0 many of the rate constants in Table 2 were
CHCO acetyl 62.0 -6.0 ma te ri
C2Hs ethyl 54.6 26.4 estimated.
CHCHCH CH3CHCH 67.5 61.6 Ogura also obtained single-pulse shock tube

C3H3 allyl 62.1 39.4 data at 5% acetylene in about two atmospheres of
C'I methylacetylene 59.3 44.4 argon. Model predictions are compared to the
C3H, propargyl 60.0 81.5 Ogura [3] data in Fig. 7 for vinylacetylene,CH2  methylene 46.4 92.4
CHCO ketene 57.8 -12.4 diacetylene, and hydrogen. Again compaison
S5 1 between experiments and theory seem quite satis-

I Thermodynamics of species not listed in this table are factory. For the model calculations, dwell times of

essentially identical to those listed in ref. 35. 1 msec were assumed and quenching rates compa-
rable to those measured by Colket 116] were used.

tions and rate constants have been recently de- The acetone-acetylene ratio was assumed to be
scribed [36]. 0.001. Attempts to fit Ogura's experimental pro-

Model calculations have also been compared to files of methane, methylacetylene, allene, and
data obtained in a single-pulse shock tube by ethylene for experiments with 10% acetylene in
Colket [16] at 3.5% and 4.9% acetylene in 5 and 8 argon were also made. The agreement was good
atm of argon, respectively. Experimental proce- for methane and satisfactory for ethylene except at
dures for the unpublished 4.9% data were similar low temperatures when the model significantly
to those previously described [16]. The acetone underpredicted the experimental data. The model
concentrations were equated to the measured overpredicts the C3-hydrocarbons by about a
values, that is, 0.1 % and 0.2% the concentration factor of two to three. This difference does not
of acetylene for the 3.5% and 4.9% data, respec- seem unreasonable considering the general lack of
tively. Calculations were performed using a shock knowledge regarding pyrolysis of odd-carbon,
tube code modified to account for quenching acetylenic species.
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Fig. 3. Comparison of data and model predictions of vinylacetylene formation and decay. (See
caption of Fig. 2.)

VINYLIDENE VS. CHAIN radicals during acetylene pyrolysis. Calculations
for their experimental conditions indicate that

Perhaps the most significant pieces of experimen- during acetylene pyrolysis the total radical concen-
tal evidence against a radical chain-mechanism are trations were always substantially less than one
the results by Hou and Anderson [38] and more part per million. It appears unlikely that their
recently by Duran et al. [10]. The earlier study facility had the sensitivity to observe species at
involved a molecular-beam, mass-spectrometric such low concentrations, whereas methyl radicals
analysis of acetylene pyrolysis products from a readily produced from the test compounds would
flow reactor near 1000 K. The usefulness of their be expected to achieve substantial concentrations.
facility was "proved" by its ability to detect We think that these early experiments do not
methyl radicals during pyrolysis of tetramethyl disprove a radical chain mechanism.
lead and di-t-butylperoxide. They detected no Recent pyrolysis experiments by Duran et al.

4

CH 6

3-. >023K

-1073K ,,

0 I973K | 102

TIME (SEC)
Fig. 4. Comparison of data and model predictions of benzene formation. (See caption of Fig.
2.)
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0 1 2 3 4 5 6 7 8 9 10
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Fig. 5. Comparison of data and model predictions of ethylene formation. (See caption of Fig.
2.)

[10] were also performed in a flow reactor with vinylbenzenes when benzene and acetylene were
mass spectrometric analysis. Additions of benzene copyrolyzed. They interpreted these results as
and toluene showed, respectively, no inhibition evidence for insertion of the carbene (vinylidene)
and an acceleration. The acceleration, unexplained into the benzene ring. Alternatively, these vinyl-
by the vinylidene mechanism, is easily explained benzenes may also be the result of the displace-
via chain processes since initiation via toluene ment (C 2 H 3 + C 6 H 6 - H + C 6 H 5C 2 H 3 ), which
(C 7H8 - C7H7 + H) using any of the recently is similar to the known [41] methyl-substitution in
proposed rate expressions (see refs. 39 and 40 and the benzene-toluene system. Copyrolysis of to-
citations contained therein) can be shown to be luene and acetylene produced principally a species
substantially faster than initiation by acetone. In at mass 118, interpreted to be methyl styrene.
addition, Duran et al. observed a variety of Instead this species may be phenylpropene formed

3-
4.9% C2 H2

E Odd Carbon

2- Cs

JJ ®-----A/oCH,

oL (C/)c 0Aln0 ', o +
0 , . 0

01 '_1 0

CH,

1000 1200 1400 1600 1800

INITIAL POST-SHOCK TEMPERATURE (K)
Fig. 6. Single-pulse shock tube data for 4.9% acetylene. 100 ppm acetone in 8 atm of argon.

Only odd-carbon species are shown including acetone. allene plus methyl acetylene, fou: C,-
species (one of two dominant peaks idendified as cylcopentadiene), and toluene Top line is
molar sum of the acetone concentration and one-half of all the odd-carbur species.
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Fig. 7. Comparison of data and model for vinylacerylene, diacetylene, and hydrogen for
pyrolysis of 5% acetylene. Single-pulse shock tube data is from Ogura (ref. 3). Solid lines are
model predictions assuming 1000 ppm acetone in the acetylene.

by acetylene addition to the stable benzyl radical. where
Consequently, we question their conclusion of =
proof for the vinylidene mechanism. = 0O e -40.6 kcaimolRr) (cm 3/tol) 3/. sec -'

at 873-1073 K. This expression can be compared
OVERALL REACTION ORDER AND to that obtained from the simplified steady-state
ACTIVATION ENERGY expression (sss), Eq. B. Equating k 3A to k3 and

using other rates from Tables 2 and 4, this
Reaction order was determined from model pre- simplified expression becomes I
dictions by varying the initial concentration (while
holding temperature constant at 973 K). Plots of d[C2 H21 S__
log(d[C2 H2]/dt)o vs. log[C 2H2]o yielded an over- dt -o k [C2H2 ]

all reaction order of 1.43 ± 0.10. The initial rate
d[C2H2]/dt]o was taken to be the value immedi- where
ately after a short induction period (- 0.2 sec at if
20% acetylene, 873 K). Reaction orders were also k'= 3.4x 101le - 40 kal/mURT) (cm 3/mol) 2 sec -I
determined from plots of predicted log(d[C2 H2]/
dt) vs. [C2H2] as a function of time over the The lower A-factor from the detailed model is I
temperature range 873-1073 K. These calcula- due to a combination of the reverse of R3,
tions resulted in a reaction order of 1.43, 1.66, additional termination reactions (e.g., R54), and
and 1.67 at 973, 1023, and 1073 K, respectively, the fact that some acetone decomposes via a chain
These values are consistent with the overall order process rather than R5 (see reactions 21-23 in
of 1.5 obtained from the steady-state analysis. Table 2).
Assuming this latter value, an overall rate expres-
sion was determined using the model prediction HIGHER TEMPERATURE MODELING
for Munson and Anderson's conditions. The rate
expression determined was Preliminary modeling has been performed for

shock tube conditions at higher temperatures. The
dIC2 H2] k.IC2H2] ., scenario regarding initiation, termination, and the

di , fate of acetone and methyl radicals changes 3
C- 18
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somewhat. The changes include a greater fraction indicated that methyl radicals added to acetylene to
of acetone decomposing via radical attack. This eventually form methylacetylene and/or allene (via
leads to the production of ketene which also is an Reactions 7, 8, 11, and 12). Inclusion of Wu and
effective radical initiator. The resulting sequence, Kern's [42] reactions and rate coefficients for the

thermal decomposition of C4H3 resulted in a closer
H + CH3COCH 3 "- CH 2COCH3 + H2, (22a) description of the T.O.F. data. A very close match

CH2COCH3 - CH 2CO + CH 3, (22b) to their data was obtained by increasing the rate
constant, k7, by a factor of 3 and assuming the

CH2CO +- CH 2 + CO, (24) products of the reaction to be C3H.- + H. Using
these revisions, acetylene decay can be predicted

CH2 + C2H2 -C 3H3 + H, (28) and is compared to experimental data in Fig. 8a
C3HA + C3H3  C6H, (29) for a range of temperatures. A demonstration of

the effect of different assumed levels of acetone is
leads to the net production of only one methyl shown in Fig. 8b for the production of diacetylene.
radical (the H-atom is regenerated) compared to Although a pressure dependence is expected for
the two radicals from initiation directly through R5, this was not included in the calculations shown
acetone decomposition (Reaction 5). This se- in Fig. 8. This omission is of negligible concern
quence is very dependent on the uncertain high- because acetone decomposes much faster than the
temperature chemistry of methylene (CH2) and time scale of the experiment and the computed
propargyl (C3H3) radicals. In addition to recombi- results are insensitive to the value of ks. Based on
nation, the latter can add to acetylene to form a uncertainties in thermochemistry, the acetone con-
C5H5 radical whose stability is enhanced by centration, and the revisions to Reaction 7, we
resonance. Other potential complicating features believe that the good comparison between the
are that some species formed as by-products of experiment and model should be considered quali-
acetone decomposition, e.g., cyclopentadienes, tative, but strongly suggestive of the fact that
have weak C-H bonds because of the resonantly impurities also effect experiments of acetylene
enhanced stability of the hydrocarbon radical (in pyrolysis above 2000 K.
this case cyclopentadienyl). Consequently, even In contrast to these results, Frank and Just [431
though acetone may be destroyed early during found that "purified" and unpurified acetylene
reaction, some of the products will continue to produced the same H-atom profiles at 50 ppm
provide radicals and maintain the decomposition acetylene and 2400 K. Using our revised, high-
of acetylene. At high temperatures, vinyl recombi- temperature model, H-atom production was calcu-
nation no longer dominates radical termination. lated assuming both 0% and 1.0% (rather than
Methyl radicals and radical adducts formed by 0.1% because purification did not effect the
addition to acetylene contribute to chain termina- experimental results) acetone in the acetylene. The
tion. two predicted curves were indistinguishable and

Recent time-of-flight/shock tube results have matched the experimental data. However, near
also been obtained by Wu et al. [8] at much higher 2000 K they found that high-concentration runs
temperatures. They modeled their own as well as require purification. Again this result is consistent
other high temperature data using the bimolecular with our calculations. In fact, our model predicts
initiation Reaction lb with an endothermicity of 46 that the accelerated rate they observe for the
kcal/mol and 102 kcal/mol for the heat of forma- initiation process at 1800-2000 K can be explained
tion of i-C4H3, the assumed product. Alterna- by the presence of small amounts of acetone
tively, assuming an impurity of 1000 ppm acetone (- 0. 1 % in acetylene). The relative effects of
in the acetylene, we attempted to model the data acetone are simply explained by the low concen-
using the reactions in Tables 2, 4, and 5. The trations in the Frank and Just experiments as well
experimental decomposition was severely under- as the amount of H-atoms produced (relative to the
estimated. An examination of the model results concentration of acetylene). The low concentra-
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Fig. 8. a. A comparison of T.O.F./shock tube data of acetylene decay obtained by Wu, Singh,
and Kern (Fig. 2 of ref. 8) with computations using a revised high-temperature mechanism (see
text). An impurity of 1000 ppm acetone in the 3.2% acetylene is assumed for the calculations. I
Experimental data: 0, 2032 K; V 2147 K; A 2534 K; - model.

tions favor the initiation process, reaction 68, atom from each methyl radical), much smaller
which is first order in acetylene. Furthermore, at than the measured value. This situation changes at
2420 K, the experimental results show a produc- 2050 K, when H-atoms were found (experimen-
tion of H-atoms (Fig. 3 in Ref. 43) which is tally) to reach only 0.2% of the initial acetylene
approximately 10% of the initial concentration of concentration. Thus under these conditions, radi-
acetylene. From I % acetone in the acetylene, one cal production from the decomposition of impuri-
could expect a maximum of 2% H-atoms (one H- ties could perturb that from the pure pyrolysis.

0.040-
"U"

0.035 T = 2178K

0 0.030 C4 H2 production
0.025 0

Co 0
x 0.020 0 

I
C o /
o 0.015 /

0

0.000- - o
0.0 0.2 0.4 0.6 0.8

Time (milliseconds)
Fig. 8. b. A comparison of experimental (Fig. 3 of ref. 8) and model calculations for the I
production of diacetylene during the pyrolysis of 6.2% acetylene. at 2178 K, and 0.48
atmospheres. Model calculations were performed assuming 0 (- -), 500 (---1), 000 (-),
and 2000 (. ") ppm acetone in the acetylene. I
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ALTERNATIVE INITIATION STEPS SENSITIVITY AND REACTION
PATHWAY ANALYSES

The focus of this article has been to identify
acetone as the principal initiator of radicals during A sensitivity analysis has been performed using
the pyrolysis of acetylene near 1000 K. At higher CHEMSEN for the isobaric, isothermal conditions
temperatures, by-products from the acetylene- of Munson and Anderson. Results of these calcula-
acetone system, e.g., ketene and allene-methyl- tions are reproduced in Table 7 for 973 K after
acetylene, contribute to initiation of radicals (see 10% decomposition for the six reactions most
previous discussion on High-Temperature Model- sensitive to the computed results for each of the
ing). Efforts to perform detailed modeling for this five species listed in Table 7. Rate constants for
aspect of the acetylene system have been relatively several of these reactions were determined in this
minor because this is not the main point of this work. Also, a reaction pathway analysis was
article, although this phenomenon can be very performed using programs developed at UTRC.
important depending on experimental conditions. Reactant decay and product formation as deter-
The explanation of the contribution of these mined using this analysis are described below.
species despite their low concentrations is related Acetylene was calculatd to decay principally by
to the fact that the energy required for bond three reactions:
cleavage in these and similar species is low (70-90 H
kcal/mol), especially relative to that required to
break the HCC-H bond, i.e., 125-130 kcal/mol. C2H3+C 2H2 - n-C 4H5, (3)
It is also reasonable to expect that thermal decom-
position of other product species, particularly n-C4H,+ C2H2--C6H6+ H. (33)
olefins such as vinylacetylene and styrene, may
contribute to initiation once they attain high The net rates of the first two are essentially
concentrations. However, it is difficult to quantify equal whereas the rate of the third is slower
their role in acetylene pyrolysis. because of the decay of n-C 4H5 to vinylacetylene.

TABLE 7

Normalized Sensitivity Coefficients (dy/dk x k/y)l

CH, C2H 4  C4H. C61-6  H,

2) H + C2H - C,H 3  -0.014 0.06 0.13 0.09 -0.52

3) C2H3 + C2H2 - n-C.H5  -0.030 0.10 0.18 0.21 0.61
4) C2H 3 + C2H3 " C4H6  0.025 -0.42 -0.11 -0.23 -0.55
5) CH3COCH3 " CH 3 + CH3CO -0.050 0.85 0.22 0.47 1.11

23) C2H3 + CH3COCH3 - C2H, + CH2CO + CH3 - 0.20 -0.01 -0.01 -0.02

32) n-C4H5 - CJ,1 + H -0.020 0.35 0.68 -0.14 0.64
33) n-C4Hs + C2H2 - C61, + H -0.035 0.13 -0.13 0.73 -0.04
34) C2H, + ClL. - Cj + H - -0.02 -0.12 0.10 -0.01
35) n-C4H5 + C41"L - CIHI + H - -0.01 -0.30 -0.10 0.54
36) CIH6 + H " CjH, + Hz - -0.08 -0.02 -0.04 0.54

41) CzH3 + C4,"L C-CL + n-C,H3 - 0.18 - - -

45) C2H 3 + CA, " C2L + CH4S - 0.22 - - -

As calculated by CHEMSEN at 10% decomposition of acetylene, 973 K, 20% acetylene in I atm of argon.

C-21



ACETONE-INITIATED PYROLYSIS OF C2H2  I
Vinylacetylene is formed almost entirely by H- calculations give a reverse rate constant of about 8
atom elimination from n-C4H5 (Reaction 32). Its X 1012 cm 3 mol- I sec-I at 1000 K. This value is I
decay is due predominantly to about a factor of 5 higher than that used for the H

+ C2H2 reactions. Errors in the thermochemistry
n-C 4Hs + C4114 -- C8H8 + H, (35) and possible contributions from reactions involv-

which in turn forms styrene, although H-atom ing vinylidene may be the cause of the high rates

abstraction from vinylacetylene by phenyl or vinyl for R32 and R( - 32) as required by this analysis.

(R41-42, 64-65) also contributes to vinylacety- At 1000 K, the rate constant for the irreversible

lene decay. The formation of benzene is from n- reaction, R33, is about a factor of 4 [461, 2 [16,

C4H5 addition to acetylene (R33). As the reaction 331, and 1.5 [47] lower than values previously

proceeds, additional benzene is produced by proposed. The major difference of this work is the I
phenyl (from R38) abstracting H-atoms from high activation energy (10 kcal/mol) compared to

molecular hydrogen, vinylacetylene or ethene. other evaluations: 3.7 [47], 4.9 (from a fit to

Ethene arises mainly from H-atom attack on reported [331 calculations), 6.9 [461, and 9 [161.

styrene (R38), although some is produced by Thus, the extrapolated value from the present

abstraction of H-atoms from hydrogen and vinyla- work is essentially identical to other values [33,

cetylene by vinyl radicals (R47 and R65). Accord- 47] near 1200-1300K. k35 = 1.1 X 1013e- /RT

ing to the proposed model, which underpredicts as used in this study is substantially lower than the

hydrogen by a factor of 5 to 10, hydrogen is high value suggested by Colket [16] but is about

formed by H-atom attack on styrene (R36). four times larger than the value reported by Cole
et al. [47]. As discussed previously, the i-C 4H5
radical may play a role or C4H4-- C4H reactions

DISCUSSION OF RATE CONSTANTS may contribute.
AND UNCERTAINTIES Rate constants as adjusted in this work are

In order to fit the Munson and Anderson data, generally within a factor of 4 of other values

values of four rate constants have been modified recently proposed and experimental data for these

from values previously proposed. The reactions reactions are extremely limited: usually, rate

are expressions have been estimated or determined
from detailed modeling. Consequently, we believe

C2H3 + C2H3 - C 4H6 , (4) that the evaluations of rate constants in this study I
are very reasonable and lend strong support for the

n-C 4H5 "- C41H + H, (32) general thesis of this article regarding the impor-

n-C 4H5+CAH-CAH+H, (33) tance of acetone. I
Uncertainties in the analysis include possible

n-C 4H5 + C4A-CsH 8 + H, (35) contributions because of reactions involving viny-
lidene and related species. As discussed previ-

k4, the rate constant for vinyl-vinyl recombina- ously, we are unable to disprove the existence of
tion, was selected to be 2 x 10 1 CM3 mol- I sec- I such mechanisms. The generally good agreement
in this work. This value although slightly high is between the modeling (without invoking such
consistent with rate coefficients for recombination mechanisms) and experimental data supports argu-
of other low-molecular-weight hydrocarbons (see ments that contributions from these reactions are
ref. 44). The value used here is about 50% larger negligible; instead, the chain mechanism seems to
then the expression suggested by Ebert et al. [45]. dominate in most cases. It is possible that the U
The rate constant for R32 was based on the vinylidene mechanism contributes to vinylacety-
thermochemcial estimate by Weissman and Ben- lene production at 873 K (Fig. 3) when the chain
son [461 but the A-factor was increased by 60% to underpredicts the experimental data. Other uncer- I
enhance the fit to experimental data. Equilibrium tainties are related to the lack of a model for

I
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methane formation at low temperatures. At 973 K, presented in this article, we conclude that the
Munson and Anderson found that about 1.2% of pyrolysis of pure acetylene has not been investi-
the initial carbon was converted to methane. Often gated at temperatures below 2000 K. The very
it is suggested that this methane formation in- high C-H bond strengths in acetylene prevent a
volves heterogeneous catalysis. An alternative and rapid initiation of radicals; instead very low
speculative mechanism, described in this paper but concentrations of impurities are the source of
not included in the model involves the intermedi- radicals which initiate and sustain a chain decom-
ate formation of the i-C4H5 radical. It may be position. Acetone, a contaminant present in exper-
formed by H-atom addition to vinylacetylene or imental studies of acetylene pyrolysis, has been
isomerization of the excited n-C 4H5 radical after shown via chemcial kinetic modeling to dominate
its formation by vinyl addition to acetylene. The radical initiation. The overall reaction rate deter-
formation of excited radicals via radical additions mined both from a simple steady-state analysis and
to acetylenes is another area of uncertainty in the dtailed chemcial kinetic modeling has an activation
proposed model. A limited number of QRRK [251 energy close to 40 kcal/mol and a reaction order
calculations have been performed and indicate that close to 1.5. The overall activation enery is
these effects should be included at elevated tern- consistent with previous experiments whereas the
peratures. An example is the system reaction order is lower than the usually assumedvalue of 2. A detailed review of the literatureC2H3 + C 2 H 2 - n-C 4H ,* shows in fact minimal support for a reaction order

n-C 4H* - n-C 4H5 , of 2 while experiments are reasonably consistent
with an order of 1.5. A few rate constants have

n-C 4H' - C4 H + H, been selected to provide a fit to the Munson and
Anderson data. Values of these rate constants are

n-C 4H * i-C4H, in general consistent with values previously pub-

but for simplicity, these effects have not been lished. The modeling makes no attempt to include

included in the present analysis. reactions involving the vinylidene radical. Al-
Significant uncertainties exist in the kinetics and though there is no proof against mechanisms

mechanisms related to the odd-carbon, acetylenic involving this carbene, there appears now to be
species. This belief is based on the facts that very ample evidence in support of a chain mechanism-

little experimental data or estimates on such firstly, experimental evidence from a wide variety
species exist; large uncertainties exist in the of sources and conditions support the presence of a

thermodynamics of the odd-carbon radicals; and chain and, secondly, a mechanism initiated by

predictions of profiles of odd-carbon species thermal decomposition of acetone adequately de-
although qualitative, are not quantitively accurate. scribes experimental results. Vinylidene-related
Despite these drawbacks, the major conclusion of mechanisms may contribute to acetylene pyrolysis

this article, that is, that acetylene pyrolysis is but we believe that a chain mechanism dominatesthisacarticlepthatyis, thateacetylenehpyaoaysis
initiated by a small amount of acteone, should not all acetylene pyrolysis above 900 K. The analysis
be altered. performed in this study is consistent with previous

experiments indicating that acetylene pyrolysis is
much less sensitive to the presence of impurities at

CONCLUSIONS temperatures above 2000 K, but only at very low
partial pressures of acetylene. At higher partial

We are unable to disprove contributions of the pressures as for the case of the data of Wu et al.,
vinylidene mechanism or the importance of the modeling indicates that acetone impurities can also
initiation Reaction lb to acetylene decomposition. play a significant role.
Recent thermodynamic estimates rule out Reaction
la as an important contributor to radical initiation. This work has been supported in part by the3 Based on the analysis and detailed modeling Air Force Office of Scientific Research under
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3 REACTION KINETICS

tion. Required revisions include slight adjust- tained an unidentified hydrocarbon with a
ments to rate constants and to assumed thermo- concentration of approximately 8000 )pm.
dynamic parameters.

Model Description

Description of Fa :ilities Detailed chemical kinetic calculations have
been performed using CH EM K I N, 8 LSOI)E,'"

The SPST used in this program is 205 cm and a version of a shock tube code originally
long and has a diameter of 3.8 cm (i.d.). The developed by Mitchell and Kee20 but modified
driver is 88 cm in length and can be turned by to include quenching effects in an SPST.
shortening its length in 3.8 cm increments; the Quenching rates are determined using experi-

driven section is 197 cm long. An 11.7 liter mental pressure traces, assuming adiabatic ex-
"dump tank" is located in the driver (lower pansion, and using the equation
pressure) section 30 cm downstream of the
diaphragm. Pressure profiles were determined dT T - dP

using Kistler pressure transducers located -

15.25 and 2.50 cm from the end wall. Arrival dt P y dt

times were measured to within one microsec-
ond using digitized pressure traces. Calculated Calculated quenching rates vary as a function

quench rates are typically 105 K/sec or higher in of shock strength and time. Initial quenching

the rarefaction wave. Starting pressures prior rates are as high as 2Xl0 6K/sec for shocks

to filling are 0.2p. and leak rates are less than producing initial post-shock temperatures of

lJmin. Post-shock temperatures were calcu- 2000'K, but only 25% of that rate for shocks

lated based on the measured incident shock producing reflected shock temperatures near

velocity and normal shock wave equations. 1200K.

The procedures for performing an experi- The chemical kinetic model used in this work

ment are similar to those described by Tsangi1 is reproduced in Table I and is based oil

except for an automated sampling system. The proposed mechanisms for the pyrolysis of

sample is collected at the endwall of the shock acetylene -2
1 and ethene 2 2 The reaction set in-

tube using 0.045 inch i.d. tubing heated to over cludes the identification of the C4H 3 isomers

85C. Approximately 30 milliseconds after the following Frenklach, et al.7 The radicals are

gas has been shock heated and cooled, a denoted n-C4H3 for the (normal) isomer with

solenoid valve opens to the evacuated sample the unpaired electron on the terminal vinvlic

cell and then closes after 300 milliseconds. The carbon and i-C 4Hs for the (iso)isomer with tile

sample storage vessel is all stainless steel with an radical site on the interior carbon atom. in-C4 .Hs

internal volume of 25 cc. (radical on end carbon) was the only C41-15
The sampling volume is directly coupled to a isomer considered in this work. Also, the

low volume (<3cc), heated inlet system of a mechanism include!; the forward and reverse

Hewlett Packard 5880 A gas chromatograph. processes of the predominant path for decom-

Valves, detectors and software integration rou- position of benzene,. i.e.,
tines as described previously 14 enable this system
to provide automatic quantitative detection of CH, + H - C H5 + H., (39)
hydrogen and hydrocarbon species up to C6H3 = f-CfH5  (56)
C,0 -hydrocarbons. Based on repeated injections (-C,,H5 -n-C-1. + C.,H, (55)
of calibrated samples, overall accuracies are
estimated to be three percent. Calibration gases where C-C,H; has been suggested" to be the
were stored in stainless steel cylinders with I-hexyne-3.5-dien-6-yl radical. The rate con-
degreased valves and were heated to approxi- stants (R55,R56) have been revised slightly
mately 60'C prior to injection, from the previous work' in order to be

Argon (99.999% pure) was obtained from consistent with the reverse prot-esses.
Matheson and was the principal diluent. Com- As required, thermodynamic estimates of
pressed acetylene, also from Matheson, con- some species were made using group additvitv
tained about I to 2% acetone (added for techniques.- Otherwise, data from readilk
stability) depending on bottle conditions. Acety- available sources were used.21

.
2' Both estinLates

lene was purified by repeated freezing and of rate parameters and those calculated using
thawing at 1,luid N2 temperatures and retain- equilibrium constants are dependent on the
ing only the middle 50%. Final samples still selected thermodynamics. Of particular con-
contained 0.1 to 0.2% acetone. Vinylicetylene cern during the present research is tie appar-
was obtained from Wiley Organics and con- ent uncertaint in tle heat of' frmation of
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ACETYLENE AND \INYLACETYLENE PYROLYSIS

TABILE I

Proposed Sct of Reactiois ad Ratc Coe ficientts
Iogk = logA + ,logi - 'JR/I'/2.303 * I

Forward Revci se
Reactions Riie Constanit Rate Constant

IogA II E IogA n E Ref

I C2H4 + NI=C2H3 + H + NI 16.16 0,0 81.8 14.24 0.0 -23.0 22
2 C2H4 + H =C2H3 + H2 14.84 0.0 14.5 13.53 0.0 14.0 21 I
3 H + C2H2=C2H3 12.74 0,0 2.5 13.01 0.0 43.8 21

4 C2H3 + H=H2 + C2H2 13.00 0,0 0.0 13.34 0.0 63.2 21
5 H2 + M=2H + M 12.35 -. 5 92.5 11.74 -. 5 -11.9 21
6 C2H2 + M=C2H + H + M 16.62 0.0 107.0 15.25 0.0 -17.9 21
7 2C2H2=n-C4H3 + H 12.30 0.0 45.9 11.67 0.0 -25.0 21
8 i-C4H3 + H2=C2H2 + C2H3 10.70 0.0 20.0 11.41 0.0 17.1 PW*
9 C4H4=i-C4H3 + H 15.20 0.0 85.0 12.72 0.0 -12.1 PW

10 C4H4=n-C4H3 + H 15.00 0.0 100.0 12.93 0.0 -7.7 PW
II C2H + C4H4=C2H2 + i-C4H3 13.60 0.0 0.0 12.48 0.0 27.9 21
12 n-C4H3=C2H2 + C2H 14.30 0.0 57.0 13.56 0.0 3.0 PW
13 i-C4H3=C4H2 + H 12.00 0.0 49.0 12.86 0.0 -0.2 PW
14 n-C4H3=C4H2 + H 12.60 0.0 40.0 13.04 0.0 1.4 PW
15 n-C4H3 + H=i-C4H3 + H 13.48 0.0 0.0 13.06 0.0 10.7 PW
16 i-C4H3 + H=C4H2 + H2 13.00 0.0 0.0 14.47 0.0 55.2 PW
17 n-C4H3 + H=C4H2 + H2 13.00 0.0 0.0 14.05 0.0 65.9 PW
18 C4H4 + H=i-C4H3 + H2 14.49 0.0 14.5 12.62 0.0 21.9 26,PW
19 C4H4 + H=n-C4H3 + H2 13.90 0.0 14.5 12.45 0.0 11.2 26,PXV

20 C2H3 + C2H2=n-C4H5 12.04 0.0 4.0 13.79 0.0 37.7 PW
21 C2H + H2=H + C2H2 12.85 0.0 0.0 13.60 0.0 2(.5 22 
22 C2H + C2H2=C4H2 + H 13.60 0.0 0.0 14.78 0.0 15.4 21

23 C4H2=C4H + H 14.89 0.0 120.0 13.28 0.0 2.1 22
24 C2H + C4H2=C6H2 + H 13.60 0.0 0.0 14.97 0.0 15.1 21
25 C4H + C2H2=C6H2 + H 13.30 0.0 0.0 14.91 0.0 8.1 21.PWI
26 C6H2=C6H + H 14.89 0.0 120.0 13.05 0.0 5.3 22

27 C4H + H2=H + C4H2 13.30 0.0 0.0 14.30 0.0 13.5 22
28 C6H + H2=H + C6H2 13.30 0.0 0.0 14.53 0.0 10.3 22
29 C2H + H=C2 + H2 12.00 0.0 23.0 11.55 0.0 3.8 PW
30 C2H + M=C2 + H + NI 16.67 0.0 124.0 15.61 0.0 0.4 36
31 C4H4 + C6H5=C6H6 + n-C4H3 12.00 0.0 0.0 12.56 0.0 3.1 PW
32 C4H4 + C6H5=C6H6 + i-C4H3 12.00 0.0 0.0 12.14 0.0 13.8 P%\V
33 C2H + C6H6=C6H5 + C2H2 13.30 0.0 0.0 12.05 0.0 14.1 34
34 C4H + C6H6=C6H5 + C4H2 13.30 0.0 0.0 12.29 0.0 7.0 34
35 C2H3 + C4H2=C4H4 + C2H 13.48 0.0 23.0 13.46 0.0 3.1 I\*

36 C2H3 .C4H4=C2H4 + n-C4H3 11.70 0.0 16.3 11.55 0.( 13.I 35.1W I
37 C2H3 + C4H4=C2H4 + i-C4H3 11.70 0.0 16.3 11.13 0.0 24.1 35.1'%'
38 C6H6=C6H5 + H 16.18 0.0 107.9 13.55 0.0 -:3.0 16
39 C6H6 + H=C6H5 + H2 14.40 0.0 16.0 12.39 0.0 9.5 34
40 2C6H5=CI2H 10 12.48 0.0 0.0 16.57 0.0 108.3 17
41 C6H5 + C6H6=CI2HIO + H1 11.80 0.0 11.0 13.27 0.0 8.A 37

12 n-C4H3 + C6H5-CI0H8 13.00 0.0 0.0 0.00 0.0 0,0 1'W
43 C2H2 + C6H5=C8H6 + Hf 12.00 0.0 4.0 13.50 0.0 3.1 38.1'W
44 C2t|4 + C6H5=C8H8 + II 11.57 0.0 2.1 12.99 0.0 1.6 38 I
45 C2H3 + C4114 -C6H6 + H 11.60 0.0 0.0 0.00 0.0 0.0 PW
46 n-C4115=C4114 + H 14.00 0.0 41.4 13.42 0.0 3.2 6
47 n-C4115 + C2H12=1-C6H7 12.81 0.0 9.0 14.80 0.0 .1'1.4 fi,PW

48 n-C4H5 + H=C4H4 + H2 13.00 0.0 0.0 13.03 0.0 66.2 PW
49 C4H6 + H=n-C4H5 + H2 14.00 0.0 141.5 12.80 0(.0 11.2 26,PW
50 C6116 + CeH=C8H6 + l 12.00 0.0 0.0 12.25 0.0 13.2 PW

51 C41t4=C2H + C2113 16.00 0.0 105.0 13.46 0 0 - 15.5 I'W
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I REACTION KINETICS

3 TA BIt.ABL I (Conttumed)

Forward Reverse

Reactions Rate Constant Rate (1tustazmt
logA n1 E logA n E Ref

52 C4H4 + n-C4 HS-C81-I8 + 1-1 13.90 0.0 3.0 0.00 0.0 0.0 P'W
53 C8118 + H-C8116 + H + H2 14.60 0.0 7.0 0.00 0.0 0.0 P\V
54 C615 + C2143=C8118 13.00 0.0 0.0 16.34 0.0 104.4 I'W
55 I-C6H5n-C4H3 + C2H2 14.00 0.0 36.0 11.71 0.0 -0.1 PW
56 C6HS=t-C6H5 13.54 0.0 65.0 10.22 0.0 1.4 PW
57 C6H6 + H=c-C6H7 13.60 0.0 4.3 13.12 0.0 24.6 PW
58 c-C6H7=I-C6H7 14.48 0.0 50.0 11.36 (0.0 0.4 I'W

*NOTES: Units for A: cc,molessec.
Units for E: kcal/mole.

represents forward and reverse directions included in model.
- represents forward direction only included in model.

PW indicates rate evaluted from the present work.

vinyl 6.2' and related (e.g. n-C 4H 3 and n-C4H 5 ) Extrapolation of low temperature rate con-
radicals. Uncertainties in the heats of formation status provided quantitative agreement with
and entropies of these radicals directly translate the experimental profile. In addition, the
into errors in proposed rate constants. Ther- activation energy for this process (-40 kcal/
modynamic parameters at room temperature mole) is in reasonable agreement with tic

for species included in this work are presented assumption of intermediate formation of the3 in Table 11. C4H 4 diradical, which is approxitnately 35 toi

Reults and Di cussion
T.AI.E 11

Several series of runs of the pyrolysis of Selecdted "hierid\-namics at 311K
aceylene and vinylacetylene have been Co1-
pleted. Each series rep~reseits approxinately' 10 Il1,,t ol ,fort 1 tn

to 15 separate experiments and each experi. Species (kcal,'mole)3ment in a series has the samie initial concentra-
tion in argon. For each run, a chemical analysis • C~: I ., 4 .1;93.7
is performed of final product distributotin. C , .0 36( 79.5

I Initial pos(-sho,-k temperatures for runs from a CjI,, 7.3 79.6
given series typically range from 1100 to ,97.4 81.8
24000 K. Detailed chemical kinetic model calct- 1c9l - 1.9 72.1
lations have been performed for most series C, I" 9.9 ~ 65.2
and the numerical results for selected series are c"( 1 78.5
compared to the experimental data in Figs. (-,, 1I., 139.2 II.
1,3-5. Mass balance data were presented (,1 i9.7 71.I
previously.." A detailed discussion of the ex- CI '2332 71 t.
perinental data and kinetic mechanism fillows. C, 11,. 26. I fif.6
A ( 1 1 -, 2. 69. 1
Ar'el¥1ctle 69 I ~.4 6fli. I

C, -(:411 125.1 fi6 .7
The decompositin of' ".77( et in -(eyll,( 115.2 71.6arg,,n a ntd pr,,duction of the major species, i.e. c:1, I II .7 lt.

(:.H,,, H.,, and (:,H 2. agree well with existing C 179.11 62 8
3 kintetic models. As seen in Fig. 1, vinvlaet- .12fi 52.4lene (VA). benlzene and phenlylacetylene are C.:I 1 6-5.7 54..-

also obsetvetl and may play a critical role in C .,I I., 5.1.2 4.1
the g ro w th n ( Ipr ti ctio n o f p o lycy clic ar,,. .,11 12, . -19 1;
mttics. The bimolecular reaction 2(.H.. - -.

(IHI is thought to o(ctir at low teinperattics.
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dloes not proid itpasi e pIclpt f* IR1)silInals()IIcic oilili

thle Formationt of, bl)Ci/CtC Net the simiilartity Ili (R- 12) Is aI sntighloiwaid~ 1)1ii(css fill jio-
pfiles of' bimcn/Cic and1( \\ .stronigly stiggest it (livilig thec iioinliai iridl.iI aiid. It) Fig. 1.
p~arallel Ilechanlismn. StItIII-9 suggested an iliic- asi%k ini micl'.IN V 1I(II)iIng I IL )i tii 1(

nailve chain process initiaited b.% H-.itoin ai.di- of bcen/etu. aind plii.iets [la cuei. IDeniollia.-1
tioti to actlelItle to) fqrii V'A, i.e.. 110:1 of thle relative Soti Ce'. of i1'.- 1 ;Il bCiiih

sen inl Fig. 2, where icautoil ( IC. aMid
+4.(4 H) -G (H 0 i( +-- --.F~ - slinks i( plowed ats it inictioui of1 imei for- two I

n-.H 5(-H) -( IH Idifferent tl ll]erat I Ires.
Figture I Shlows that [ie mtodfel okcintciR'

Ilis sequtenice is idlentical to the fir*st stejis in1 obfserv.ed f)etIIcie andt Imilimcefue litLi-

the ring f'ormiation process j~poosed Iw Frenk- lirins ahove 16) 0 K. ('Amnitwitall'. tis Il
lach. et ail., 'The liiiall step)s of' [Ile proposed thle Sante1 teiliper-atler ill wlidh a sijgIiih ,iiI
proccss itclude de~ficit in re~okiveetI mass firlst .ippeav. So)Iiie

phcnIeiifcty~ ;l ii([ I ei' enc ablx 1600It'KI INKi
C4 H 4(- H) - n-C:1 H:,d + G.H -H jpi0Iai1)I cohieIt(I, to hiighei ulii)Iecillai %vcighi

p-~H 4jlieiiyf 5pjNe w'hichf m~e inot oIbserxe( andim notI(-

followaed by subsequent fo0rmation of* benzene
or I)Iieiiyltcetylelte. Vly1c-el

Detailed chemical kinetic modeling of* tle
present experimental data, however. strongly Nlixtnie-sotf t.) 0.0 1 ISand VA .t i .iagmn

suggests thait early (i.e. Ilosw temperaltoe) b~en- were I)5tu)I\et over thie tell) eral t Ilie rangezene formation arises principally from ai-tt- 110 ( t 251001K. 'lie dlata ((or tilie oetanid
letie additionl to thle noitiial-l-titadielvl radIical I ighestl uiiliirtiouis are pictseiied inl Figs. 3.
not the n-C 4H0t radIical i.e.. 4 andt 5. 1hoilie 1( sl~c( js nolt shmmili..i iiiese

fignies-C werle observed t1 Loti(eiitrilios les
114-1w,( + G(. 0 ~:- than 2'( (of thle fliitetit. IFieseC sf1Wties' ill( hItLe(

c-(: jH-7( -H) - GiR-h, I.iiietiane. etfis feite. ;iIIlIeIIi kIctf i \ aciu. ses -

trieti- ~~ ~ ~ ra unv aicl e iden tiie (iterseies WhIoiiC Midato h
where (-C.,,H 7 is defined to be thie I. 3 .5-lR'\xi- aI (:.-hsdroarhmn (possihfk itidetie. Datia onI the

Pr-elimi ina ry cal cuIa tins tusing til, nietfia- breen piteseittetf presiouslh.' '1wl lio(Si sigiifi-
nllim have also b~een perfornmed liou comparison caml infor Inat ion Is thai at Ii)mv tel) etrit iires ilod(
to thle flow reactor data otil acet slene I ckvr\olv-sis
obtainted byv Munson a. -I A*ndersoti.: setlin-
(Itinuitative agreetment for thle jpro(Iduiiiof (d_ -

benizene and VA was achieved and thtus thle
bintiolecular reattioti Inivokinig Initeriatl~ue I
fott-itatioti of'a (:,H I iradfitl is not tic essatsA to) C.H o
describe lower temperatture aectvlicn it' o %%. 3 Coll

A-bove I1500 0K. c\-clk( toinpjotiidfsare 101tnie4d z ,

prinici[pally by aIcetlenell additioti to ill1 E_< 2iii
aireuent wsith (lie proposatl by~ Fieiikluci. ct . ----- &_

alf.' Previousiv it was assumited, tihsvr.fat W.. CIO
tt-(C1 H1 %%-is formied throtigh liit A. whitcis z-,----------I
(R- 12) was thle (Ituinaut route tinder thle 3 2'- -

present conditions .......-~-

C;I. GJ- n-GI1 1  (-12) 0-,

1000 12;0 1400 1600 1800 20'00 2200 2400
'Ilis coniclu~sioni arises froml restilts dis- INITIAL POST-SHOCK TEMPERATURE (K)

ctussed later inl t his paper whic il ow% diat V AI
decomposition Ipuiucipalfy involves -atmill ad- I-il.. I -~wiiei~fai oe kustifis Ioifmio
(lition to C . 11)1o H-aitOltlilbstrwtihn As\' sis 44 3.7, .\i Ill i~ii. )\lli l I tti c

telli) eraiture increa.ses, the aiJmltlitull , 0i 11 moit ot x Iii .t 1.i 1~i pi tssiiic N .1111).
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I

ACETYLENE AND VINYLACETYLENE PYROLYSIS I
1273"K and produced qualitatively similar re- earlier in this paper, also to the mechanism of'
suits to the SPST work. The main low tempera- ring formation during acetylene pyrolysis. Ex- I
ture aliphatic found by Yampol'skii was acety- planations for elimination of other mechanisms
lene with traces of methane and ethene, al- are presented below.
though diacetylene was not detected. Benzene Alternative chain mechanisms for decompo-
was also observed previously, as well as a sition of VA would include H-atom abstraction I
polymer whose precursor may be styrene. The from C4H 4  resulting in C:CCH :CH.,,
overall decomposition of VA observed by Yam- HC:CC:CH 2 , or HC:CCH:(CH. Formation of
pol'skii, et al., k= 1.6X 1011 exp (-52,800cal/RT) the first of these can be neglected from thermo-
sec is approximately five times higher than the dynamic considerations. In addition, direct I
SPST results. formation of two acetylene molecules from this

Kinetic modeling requires the identification structure seems unlikely, The second isomer.
of the initiation step and a chain process which i-C4H1 , should decompose principally into dia-
describes the predominant formation of acetv- cetylene, since breakage of the C-C bond would
lene with minor production of diacetylene, have a high activation barrier due to the
styrene. benzene and phenylacetylene. The formation of vinylidene as an intermediate.
three possible initiation processes are The last isomer. ri-C 4 H-i, may decompose into

C4H.-, + H or C.,H + C,2 H. Estimated rates
R9 C4H 4 - i-C4 H3 + H - 98 kcal/mole
RI0 C4H4 -. n-C 4 H3 + H - Ill kcal/mole Log k

R51 C4H4 -- CH + C2H3 - 122 kcal/mole (1300°K) Log,,l E I
where the estimated endothermicities may each n-C4H.,=CH - C2 H- 4.72 14.3 57000.
be in error by as much as 10 kcal/mole due to R14
uncertainties in heats of formation of the n-CH,C(,H24 - H 5.88 12.6 40000. I
hydrocarbon radicals. In this work, the princi-
pal initiation process was assumed to be Reac- suggest that Reaction 14, i.e. production of
tion 9. which required a rate expression of C4H2 , is faster bv a factor of 14 near 1300'K
1015.2 exp (-42800/T) sec - ', although tile A- where VA decomposition is observed. At
factor seems high and E,, low, for the C-H higher temperatures the two rates approach
bond scission. It is important to note that the one another. These relative rate estimates are
model results were relatively insensitive to tile supported b% experimental decomposition data I
absolute magnitude of the initiation rate or its of benzene pvrolysis from Kern. et al.33 Those
temperature dependence. A factor of three researchers found that the initial ratio of
change in the initiation rate resulted in ap- products C2 H2/C4H., at 1700'K, is approxi-
proximately a 20-307 change in the overall nIatehv two to one. Assuming the overall decom- I
rate of decomposition and the formation of' position path

products. The explanation for this phenome-
non is that the decomposition of VA in the CiH,i-H)=C,jH.,=---C4H. + C.2H 2, I
range 1200-1400'K is controlled by a chain 1mechanism: .then the C,,H 2./C4H2 product ratio suggests that

the branching ratio k /h]2 is also approximately

F two to one. The calculated ratio using the above
R9 rates is three (3) at 17000 K. Thus, if n-C 4H.b is

R. (- 1 8 the principal intermediate from VA decompo-

R-46 sition, then the initial production rate of C4H.,
(11.1111 H + (.,H 4=1).- 4  13.1) 1370 would be similar to or higher than that of C.H.

R.20 during VA 1yroysis. Such a prediction is not
chain n-C4Hs,-C.,H. + CH., 14.,0 433601. substantiated by the SPST experiments.

R-3 H-atoms may add to VA at locations other
t hain C, =,H + 2111 1:1.0 43710) than to the secondary acetvlenic carbon. .Addi- I

((.lOIC.Sec tL1 111olc tion to the other carbons would rt-orm H.2C:

('CHCH.2 , HC:( CC:H(.H:I, or HC(:CCHC .:H.
where the last three reactions account for the However, each of these radicals would be ex-
majorit% of the decomposition of the parent pected to reform VA, decompose into products 1
and the predominance of acetylene in the other than two acetylenes or involve energetic
low-temperature products. This chain is not intermediates. lThus it appears that the decom-
only impottant specificall to understanding position chatin inivolving II-C.4H -, will doininltte.
the p% rol'sis of vinylacetylene: but. ats discussed Detailed (hemicai ki netic calculations Using tle
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Sp(Il rte ( (Ilstalis itt I able I ate (otlsislem~ Attotfiet COM) I)~t Of the mtodielitig resuilts is
%%lilt this .tiiavsis tilte vaillue of k52 te(jiireII to mI;ttcii thle

experimtetntal dlatd is approxiinaiei 100 timies
Prodlittioti of iai~leit e lIEU d5testibfei bm higher tihan at previouis detetminatot i g3 R + j -. ~ + RI data ffroiia low pessutre, remixed butadIie

R + : -- C il + RI I are silbiect to errors dute to boutidatj-l;tvet5.,
quetiching etTects. amid modeling comitplex ityv.

f ollow ed I)\ (leC"titjaisitioit ()f (:4-1 IIIhur (lidi- However, tile flame determination is expectediI et , lene )1115 ii-,tomts. R tIna.\ be atn I -atoiti o be ;hItbt lowerl t limit since, when evafuatiig tile
a wi in I-ig. 5, leaadtcal rate constatit, Cole. et al.' assuimed thfat the
.sIt ia)eareet'ii nl-C. 1 H.-, radiical \\ais the dlomiflant .4 H, species.

e:NIeiiltliiti li~t files of aruillatic Sp~ecies were Other isomers. IMattiCulariv HC :CH+.U ~h aptparie nt sing teire ction qe of atie 1. which is less reactlie and more stab~le b'\ 3
flieappren utdeiredit in o VAat he- kcal/inole. can contribute significantly TO IMass

\Ittet tetmperattures is pre-mml\ ;tii expert- 0531
iiierital problemi due to partial gas sampling of The assumption of thle predominance of'
hoiittX i\ laers whIichI ('011U1i1 thle Unheated

foriiedI tot te n- .~f-ft :2 -L ~ iiei~i~ t-C:4 H-, lin tile flatme work woulId only partiallyparnt 1 \docrbo. bmc160'K peir i exlan tledif fetence bewe I w e\ hta-
f"IIIC(II'o~l tle l-'4fi ',12tet omblinatiOnl tiuns. Uncertainties inl heats of fortmttiont tandand IN IC tilttwti hb\ comversn n to bleienleor pihe- entrIopiJes fil n1-C4 H, andc/or vinvI, Mitc nici-n\

Is facets leIte. At loss er tent) hIetiL ir'es. tilie pie- affect the ti-C, H- concentrtation \"ia
dfomlinate forII,ti oll routes ifl aromatics are

R-15 (.411, :. -~ (:-1 (>. - 2HjnC .-

I .3..-ilexiat ricii-3-\ 1
~-C -,'-1- ma' also huelp toi alleviate thle difIferenice: but

t-(~l- :,,ii -:J1,, probably b\ no mote tianiia factor of' ftse.I Afteituatiselv. reactionis not considered int tile
lot beli/cite fobtiaion. andi~ presenit wo rk ii\ describe 1 )toduction of'

R52 (:H it-c1i1*,aromatics or- significatiil enhanice tile conit~i-
R52 1-1 IICI~i. (ll"trattioti of ni-C 4H,.I -"I. (:l1. -1I

3 t,~td114 Si e i.PA i )titediic Inafsb Conclusions

R.-3 C, J1, H I- -. H 2 Singie-puise shock tube (fata has e been
(M H I-h f obitainied fbir thle pwroivses of acet sene iid 

vi nvltcetvene. Thue (litit liase been used tu)
twat IS' till.. atid ibeit~m. bilt at hiighter teiuupetit- supp~hort pr~ u prop~iosls f'or aceileie adi
micte'..tt [vile atdd~itiont to I)htt'ti I .IIso o.ccits. benee j)5ioisis with Some revisio its. A\ de-

Reactions A-)5. 52. aind 53 \\etc aisited to b~e (tttiilposititotl tmodiel fbr vinsiaceis fete itioiitg
05 (id 11 proitessts atnd tiottieversibie. Flt tile H-M at dd ~~~itioni i) \insiacets ienc lits beetn

Imest at \iitii ilt-se reamilt(titt otitiiite. pre-- tioti. Severe conistraintts impuiosed Inv sitluiitile-
hliitil5 ('1 .Ihtllation-s ( oItfitttIedi tile' 01 auistf Ottsl ttodelin g decomuposition of' ea( ii oi tile
tIttew .1tsitlilts. lDtspit. tile good agniteli tCI Ptit fudrocattbotts ats %\eli ats fis e otI mtore
\ithi tile expeilttiII dit. therearte sevict iii- m)itrditt species biase beetn satisfied %,it tile

'eibi e.ttttt e% oi tItt'se pituposati. Re;R lion 4) pIVoposecf Model. Viin\iltcetslie. beniettle. atndt
I C(Ititevs ;1 1.3 ot 1.-f I 1-atoi Shiflt pior to (cscli- plien ia ects lenle ar-e oliseiv\eti iittng diets hetieI ~ ~~~~/.mtttt antd Reattiiot *17. %\. it.itli hs iieiti fito- fIl)\5 o is. lTbe Sequiette

1,ot ki'ttii~tu~t liee. 47  I itttii- Cj -' -1 ;= G C>Hi
eI %\01tti1d be t t'clitred to eXp)iii tu~eCN-xeiIuIeti- (21-12 - -di =f4 II(4

ite Iit I aible 1. 2 x M I (( " ttttoie-sec. requtired bs (>1. + tl14;41hf, i-',-
tule at ets \ftie motdtelitig. andti c\ ous tetetmItt- (I.3.5-hexatt ieti- I -\ 1)
tt,tt1Iott 17..5x it0'" (Ref )) andi 2.7x ll)''fRef. 6) (-Cj1, - -JIItIM:j -Cjl
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ACETYLENE AND VINYLACETYLENE PYROLYSIS I
describes the low temperature formation of been completed only with the able assistance of 1).

vinylacetylene and benzene (I 100-1400*K). Kocum. His assistance is greatly appreciated. I
Reverse rates calculated from thermodynamics
for the first three steps describe the decomposi-
tion of vinylacetylene. At temperatures above REFERENCES
I1500 0 K, phenyl is formed by I1I. LASSMAN, I.: "Phenomenological Models of Soot

C22+ H C2 H + H 2  Processes in Combustion Systems." Department

C2 1H2 + C2 1H -- n-C 4 H 3  of Mechanical and Aerospace Engineering Re-

(]'H' + n-C 4 H, - e-C 6;H5  port 1450. Princeton University, NJ (1979). m
(I-hexyne-3,5-dien-6-yl) 2. HARRIS, S.J. AND WEINR,, A.M.: Combustion

f-C 6H ,iphenyl Science and Technology, 31, 155 (1983). Also 32.
267 (1983).
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U COMMENTS

3F. Temps, MIPI F. Strom ungsforsch ung, W est Germany. the sequence involving vinylidene is still about 13 kcal
Would the author please comment on the possible higher than the activation energy of the bimolecular in-
role of vinylidene (singlet or triplet) or triplet acety- itiator (Reaction 7) used in the present work.
lene on the acetylene pyrolysis! Vinylidene could also play a role if the above inter-

Autor' Rely.Vinliceneapparsto e astrng mediate, 1-2C(XCHH. undergoes a 1.4 H-atom shift
caddt or Rp in yid fayene , ppear t e s ton gy to produce vinylacetlene. Although this route was

canidae fr iititio ofactylnesine i lis oly considered in the present work, there is no apparent
about 44 kcal/mole above the ground state of acety- palelatwyobnze.hihdqueNd-
lene and since the intermediate transition state is only paralel epreth al oiesn. Itifcodeutelyposide
two (2) to four (4) kcal/mole above vinslidene'. A poie.I s fcus.psil
subsequent step: that this mechanism contrtbutes to the production of

vntlacetylene. A possible role of triplet acet\ lene was
1- 2C - C: + HCCH -, HCCCHCH - i-C 413H no considered in the above analysis.

is endlothermic (overall) by about I5 kcal/mole (or 69RE RNCkcallmole abov'e two acetylene molecules). The overallRE RNC
endlothermicity of this sequence is lower than otherpro-
posed bimolecular initiators which form C2H- + C21-1 or 1. CARRINGTON. T., HUBBARD. L.MN., SCHAEFER,
n-C 4H51 + H. which are about 86 and 79 kcal endlother- H.F.. AND MILLER. W.H.: J. Chem. Phys. 80 (9). 1

mic. respectively. Unfortunately, the endothermicity of (1984).5 D-11
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ACETYLENE AND VINYLACETYLENE PYROLYSIS I
tile proposed chain which includes rate constants very
much consistent with previously proposed rate con-

S.E. Steina, Chenial Kinetcs Div, ,antial Buneau oJ stants and thermochenistr. Additionalk, many
Stanudards, U.S.A. I low do you interpret the unusuall, other products were not reported due to their
high rate constant for styrene formation- relatiselN low concentrations: but their existence is

strongly indicative of radical, chain mechanism. Fur-
Autho': Re/ly. As summaarized in the conclusions of ther support for the chain mechanism is drawn from

the manuscript, the rate expression k 4, - 7.9x 1()1 the fact that the proposed mechanism qualitatively
exp(-3000/RT) cc/mole-sec, is about a factor of 100 predicts the product distributions observed during
too high, when compared to rate constants ofcompa- low temperature pyrolysis of acetylene4 (allowing for
rable addition processes. The interpretation is that a small change in the initiation rate and for pressure
either other mechanisms dominate styrene formation dependence of addition reactions).
or that rate coefficients and/or thermodynamics for Finally. Callear and Smith' have shown convinc-
several of the reactions/species are in error. The most ingly that processes very similar to those described in
likely alternative mechanism is a dimerization pro- this work occur at room temperature when H-atoms

cess; the most likely errors associated with rate are added to acetylene. The conclusion of the present
coefficients and thermodynamics probably involve work is that a radical, chain mechanism adequately
vinyl and butadienyl radicals. describes the observed dominant products using

There is presently insufficient information avail- mechanisms and rates which are reasonable. Dimeri-

able to ascertain which of the above (or if all) zation processes cannot as yet be ruled out absolutely
contribute to the discrepancy. Consequently. the data (and they may play a contributing role), but it does
are presented as is. rot seem necessary to invoke their existence to

explain the observed results.
As strong a case against dimerization processes

cannot be made in the case of vinylacetylene, since it
K.t. Homapin, Technische Hochschule Darimtadt, West is necessary to add a reaction (#45) which had not

GermanY. Did you consider a dimerization step as the been proposed previously and (most disconcerting) to
first reaction in the pyrolysis of C2H2 and C, H4 ? In a use an unusually high rate for the addition of n-C.Ha
recent study of C4H 2 pyrolysis at 100*C we found that to CH, (R52)(see response to question by Dr. S.
the homogeneous initiation step was 2 C4 H. - CH,- Stein).' However, with the lack of evidence of
Addition of H atoms to the reaction system had no dimerization processes occurring during high tem-
effect on the products'. perature acetylene processes, the author favors a

chain mechanism for explaining the product distribu-
I. HOMANN K.H. AND PIDOLL U.V.: Ber. Bun- tion. The vinvlacetvlene data can be fitted reasonably

senges. Phys. Chem. 1986. in press. if one assumes dimerization processes dominate
aromatic formation. For example, by reducing Ag, k,.

Author's Reply. In an early analysis of this work, the k)2, and k4, by factors of 2, 2, 100, and 2 respectively
dimerization of acetylene was considered as the and including:
predominant mechanism for vinylacetylene forma- -CH, - CH(a) and 2C 4H 4 " CsH 6 + 2H (b)
tion. The rate constant (k = 3.6= 10" exp(-44 100/RT)
cc/mole-sec) reported b% Bradley and Kistiakowsk%' (as irreversible steps) with respective rate constants
%%as found to describe nicel% the low temperature of:
formation of CH 4 . Coincidentally, the overall activa- Ai - 9x 1013 exp(-40000/RT)
tion energy of this process is similar to the endother- -
micits for the formatioi of H(.CHCHCH. the diradi- and

cal internediate. The endothermicits of this process 3x 102 -3000RT /1
was estimated to be 35 to 43 kcal/mole b% interpreting exp( 0 ) cc/moe-sec
results front Kollnar, et al.'. Despite the good then experimental profiles can be predicted reasona-
agreement with experiment and reasonable mecia- bi\ (although benzene is overpredicted at low tem-
nistic explanations (see also the response to Prof. F. peratures). A_ in comparison, is approximately two to
Temps regarding the role of vinvlidene) se\eral three times higher than an extrapolation of Lund- I
problems arose. First. the Bradley and Kistiakowski gard and lIeicklen's(6) expression:
data were sh.uvn' to be misinterpreted. leaving doubt , - 3 × I()" exp( -29200 cal/mole/R-) cc/nmle/sec
regarding their reported rate constants. Secondly,
there appears to be no parallel pathway to the for the net formation of "dimerized" products, I
formation of benzene at low temperature which formed via a combination of molecular and radical
describes the experimental results. In support of the processes. The radical process at low temperatures
chait mechanisn during acet ,lene pyrolysis is that was assumed to involve formation of a diradical
production of CI and C6 -ir, can be explained using intermediate, although possible contributions from
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the chain process as suggested in this paper should (I00) to one which is 2 z orders of' magnitude above
not be necessarily ignored. equilibrium. Consequently, this modeling exercise

indicates the relative unimportance of equilibrating
reactions under the low temperature conditions at

REFERENCES which the decomposition mechanism was deduced.
Experinental evidence for non-eqilibration at

I. BRADLEY. .I.N. AND KtSTIAKOWSKV, G.B.: J. low temperatures can be inferred from recent data ott
Chent. Phys. 35, 264 (1961). benzene pyrolysis. At 1500K. several hundred de-

2. KOLLMAR, IH.. CARRION, F., DFWAR, M.J.S., grees higher than the temperatures at which mecha-
B Nc,,GNA.M R.C.: J. Am. Chem. Soc. 103, 5292 nistic information was obtained in the present work.
(1981). Colket' found an initial C2H 2/C4 H2 ratio of approxi-

3. GAY, I.D.. KISTIAKOWSKY. (,.B.. IMICIIA.. J.V. matelv three (3) to one (1), a value lower than the
and NiKi. H.: J. Chem. Phys. 43. 1720 (1965). equilibrated ratio ofabout five(5) toone (1) (depend-

4. Ref. #30 of manuscript. ing on assumed thermochemistry). Tile experimental
5. CALLFAR. A.B. and SMITH, G.B.: J. Phys. Chem. ratio is similar to the value (two to one) obtained by

90, 3229 (1986). Kern. et al.2 , at yet higher temperatures (1704 K).
6. LuNDGARD. R. AND HEtCKLEN, J.: lIt. J. Chem. Consequently, both modeling and experimental data

Kin. 16, 125 (1984). support arguments that early (i.e. initial) formation of
acetIlenic products are not equilibrated.

S.J. Hams. General Motors Research Labs. U.S.A. Are REFERENCES
C.H.,2 and C4 H equilibrated in your system? At what
tem peratures? If they are equilibrated, then you e C ivisio of ' Fr l esisi..." meri cao
cannot obtain mechanistic information from the the Division of Fuel Chemistry. Ali ericat
contractions. If they are not equilibrated, are they far Chemical Societ-v. 31 (2), 98 (1986).

enough away from equilibrium so that you have 2. Ref. 33 of manuscript,

confidence that the mechanism is controlling the
products- 0

J./1. Kiefer, Univ. of lIlinoi., at Chitago. L.S .. Itn

Author's Reply. For the dwell times (500-800 micro- answer to Dr. Harris' question, current models of
seconds) of these pyrolysis experiments. the acety- high-temperature acetylenie pyrolysis require (.,It
lenes are equilibrated only above 1500-1700 K. radicals for C4 1t equilibration. and the formation of
depending on the concentration and identity of the this radical seems unlikely at these temperatures. 1
reactant. Major conclusions of the present work are also have questions for the speaker. First, for %our
dependent strongly on the experimental result that chain production of CH... to proceed sufficientls I
products of low temperature (1100-1300 K) pyrolysis suspect you may well need the high rate of viml

of vittylace tylene are principally acetylene. diacety- dissociation vott assumed. Otherwise the fast process
lene. and hydrogen with the product ratios CH,/ C2Hi+H -.* CH.2+1H. would very effectively terui-
C414, and CJI I'/ 1. approximately ten to one. Pertur- n1ate tile chain. 11o you thitk vou could stand the low
hations of these product ratios by equilibration rate of viniIl dissociation of ,tour butadiene wos k
reactions would significaittl alter tie conclusions of Finallv, if tile heat of foruati I oin of C,li were a t i
this paper. The "')on-eq ilibration of acet lene at 13( kcal/inol, as has beei suggested to ite b Karl
low tempera tures and short times call e denlol- Neli us, could our model still provide suflicient
strated b% tle followiig Mo deling study and bv con version of Cl4 i 4?

ciltpariso to exipel t ts oil beizen pyrolysis.

In an artilicial mtodeling exerc ise of C41 pY pyrlysis,
rate coefficients fir Reactions 46 and 20 were REFERENCE
decreased while coefficients of Reactions 13 attd 18
were intcreased 6% iactors of'ten (0) or inor. linet I. KiI-:R..J .K.. WEI. IHC. KERN R.D., AND XI.

rest was to convert ithe overall detonpositio C.I I.: Itt. J. Chemt.Kitl. 17. 225 (1985).
patIIwal Irot:

Author'. Ieply. The philosop Not seltfor 4l11o (f

C(il4 --.* 2C..I i.. reations and corresponding rate contstants piese'ntt'd
10 it Table I was to use well-established niechanisnts arid

rate constaits while selecting ither It, clialnisilts and
C(41- C1 2 + I I. rate constants ;is requited b tile experiieital It,-

Thc iD-liig results 3elw 1400 K i3iaicd final suhs. hul consisttnl (in llos (lSt's) with Ihelillt,.
{'ld '.,l alio.si ol Iplioximnatc'h" om.l hulmibed inistrv. Vinyl dt'ilonipo%iliion \%,I,, ;is.ulned t) het.
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to he last at very short reaction ilies, it (fiitl gave p (,etire, I, Its vela Ilatlle, ieads to iunn/4owt.

way" t the Se(utence (I) that lecillc domtinanl lor aboui the imnporlalnce of individual ceticiitarv reac-

soot aippearance. The coipetitilon hel wee|n (1) and tions. (.0vLiions reaclied or dedled ill a"iv work

(2) is sensitive to expcrimeintal conditions: e.g.. usualv aie olly as good as the iiitial assuiptions.

reaction (2) plays a iire lpromtinent ole in tire

presence of oxygen (3). I lentc, dit ferences in experi-
mental coiditiions and (lit feient asstilnntions alloti e

therltohineiical values are the lhkcl% sources of tile A.M. Dean. Ex_ un Res. & Eng. Co., U.S.A. (iet I he

different relative fluxcs oif ( I) aind (2) noted in this last taic (onstain for C. ,IH + C 4H1 (with no activation
paper. cnergyJ thatl was needed to- explain C,. i,, lormtnaion, is

it riot po(ssiblle to conclude that the rap~id lte oft

aroliatics fiorination is still a puzzle-

AEFEENCE Aiio,' Redph. The rate constant for k i was
I. FRt. KLACII, M.. CL.R,. D.W.. GARDINER. W.C.. detertmined to be 4 x I 0il cciiole-sec, which is about

Jr., and STEIN,. S.E.: Twenith Sxiop. (Jnl.) Oil two orders of magnitude below collision frequenc,

Conibm.tio. p. 887. The Combustion Institute, and is sinilar in magnitude to rate constants dcter-

Pittsburgh. 1985. mined for other addition reactions. The ouni unusual
2. FRENKLACII, M. C_.sr. D.W. and R.AtMAciI.A.orA. feature regarding Reaction 45 is that tire linea

IM.K., "Shock Tube Stud% of the Fuel Structure internediate. 1.3.5-hexatrien-3-yl. nust tndergo an

Effects on tile Cheimical Kitkli. Methalismls l-aiorn shift and convert to tie 1.3.5-hexatrici-I-xi

Resp onsible for Soot Format ion. iPart ItF. NASA radical prior to cvclization. It is believed, hovc er.
Contractor Report 174880. Ma\ 1985. that ttiis fl-atom shift is riot rate controlling. IThc site

3. FRENKLACtl, I.. YUAN. T.. CLAMY. D.W.. (AR- if the rate constant. in the opinion of the authors
DINER, W.C., Jr.. atd S IVIN. S.E.: CoMtlnto. SCI. ihere orc. does not appear to be unreasoablt large.
Techol.. in press. I lie activation energy could not be determined in this

experiment: and so Iotne was assigned. although it
A thiros Replv. As suggested )% Dr. Ftenklach. tie Would tiot Ie unreasonable to assume an etfcctive

imanuscript should be changed to iead: "Pie\il oust, i; activation cnergv of at least several kcalmole.
wasdd.ed ... thai ti-(-I13 wa [tit iied through pattih Cetain features of aromatics fortiation certainls

A, whereas (R-12) was thet dotiniiaini ioute unider tiie can lie consideted to be unresolved. or ;it least undet
present conditnios. In bIoth tie [)re ent atd preyii us disci ssi)n. See. ti)r exanple. the other qutislons and

work. it Should be reiniiered that tIlc athtrs ia\e resp)nses to this paper. Certainl iore ex pet iiniital
beein forced to etiliat--t as-intte- alues of abso- arid iiodeling .'ork needs to be perfortied. Oine

lute rate constants for %%-ich cither no data or little critical area of research is the accurate deteritiaion

data are available. Of teninies. s bistantial ticertaitmIV of eilialpics and entropies (attd their tetitperatiiie

exists in estimation tcchiliqutesI ('oinsequlenItI. this dcpendetlcies) for imiportanlt radical interitediates.
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